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Mixed metal fluorides can adopt a cubic ReO3-type framework, which consists of 
a simple network of metal-centered octahedra corner-linked with fluorides. The transverse 
motion of the bridging fluorine atoms and the coupled rotation of the rigid octahedra can 
lead to negative thermal expansion (NTE).  However, only a few mixed metal fluorides 
have been previously shown to exhibit NTE, and chemical composition and the application 
of pressure are believed to affect their thermal expansion properties. This thesis examines 
the thermal expansion and response to pressure of several mixed metal fluorides 
(M2+M4+F6), through the use of variable-temperature/pressure x-ray and neutron 
diffraction. New NTE materials were identified and a greater understanding of the 
relationship between chemical composition, thermal expansion, and response to pressure 
was established. Other anomalous behaviors were seen such as pressure-induced softening 
and porosity to guest species. The effect of the introducing excess fluoride into the crystal 
structure was also examined.  
The phase behavior, thermal expansion properties, and response to pressure of 
CaNbF6, MgZrF6, and MgNbF6 were characterized and compared against the previously 
reported behavior of CaZrF6 in Chapter 2. Similar to CaZrF6, CaNbF6 retains a cubic ReO3-
type structure down to 10 K and displays NTE up until at least 900 K. The NTE is very 
strong, reaching a minimum volumetric CTE of -65 ppm K-1 at 70 K. On compression at 
room temperature, CaNbF6 undergoes a reconstructive phase transition at ∼0.4 GPa and 
pressure-induced amorphization above ∼4.0 GPa. The cubic phase was found to have a 




MgZrF6 adopts a cubic structure at 300 K and undergoes a symmetry-lowering phase 
transition involving octahedral tilts at ∼100 K. Immediately above this transition, it shows 
modest NTE. Its thermal expansion increases on heating, crossing through zero at ∼500 K. 
Below ∼100 K, the rhombohedral phase shows strong anisotropic positive thermal 
expansion (PTE). Unlike CaNbF6 and CaZrF6, cubic MgZrF6 undergoes an octahedral 
tilting transition consistent with the adoption of rhombohedral symmetry at ∼0.37 GPa 
prior to a reconstructive transition at ∼1.0 GPa. The cubic phase was found to be stiffer 
than CaNbF6, but still relatively soft, K0= 48.2(5) GPa, and showed stiffening on heating. 
Very large pressure-induced softening was also seen with K0’= -53(2). On cooling, cubic 
MgNbF6 undergoes a symmetry lowering octahedral tilting transition to a rhombohedral 
phase at ∼280 K. It does not display NTE within the investigated temperature range (100-
950 K), with a minimum CTE of αv ∼4 ppm K-1 at 495 K. Although the replacement of 
Zr(IV) by Nb(IV) leads to minor changes in phase behavior and properties, the replacement 
of calcium by the smaller and more polarizing magnesium leads to large changes in both 
phase behavior and thermal expansion.  
The effects of a larger change in cation size and higher electronegativity of the M4+ 
species was seen in the analysis of the thermal expansion and response to pressure of 
CaTiF6, Chapter 3. Similar to the results seen when substituting Mg for Ca, Ti
4+ 
destabilizes the cubic structure on cooling, with CaTiF6 undergoing a cubic to 
rhombohedral transition at ∼120 K. However, the cubic material was still found to show 
strong NTE. It has a minimum volume CTE of ∼-42 ppm K-1 at 180 K and a CTE of ∼-32 
ppm K-1 at room temperature.  On compression at ambient temperature, the material 




elastically softer and shows more pronounced pressure-induced softening than both CaZrF6 
and CaNbF6. In sharp contrast to both CaZrF6 and CaNbF6, CaTiF6 undergoes a first-order 
pressure-induced octahedral tilting transition to a rhombohedral phase on compression 
above 0.25 GPa. Just above the transition pressure, this phase is elastically very soft with 
a bulk modulus of only ∼4 GPa as octahedral tilting associated with a reduction in the Ca–
F–Ti angles provides a low energy pathway for volume reduction. This volume reduction 
mechanism leads to highly anisotropic elastic properties, with the rhombohedral phase 
displaying both a low bulk modulus and negative linear compressibility parallel to the 
crystallographic c-axis for pressures below ∼2.5 GPa. At ∼3 GPa, a further transition to a 
poorly ordered phase occurs. 
While MnNbF6 and ZnNbF6 are not cubic at ambient conditions, analysis of their 
thermal expansion behavior and response to pressure, Chapter 4, helps to further the 
understanding of the effects chemical substitution has on these properties. On warming to 
just above room temperature, a phase transition from rhombohedral to cubic is seen for 
MnNbF6 at ∼315 K. The cubic phase displays PTE just above 315 K, zero thermal 
expansion (ZTE) around 380 K, and NTE at higher temperatures (αv ∼-8 ppm K-1 at 457 
K). ZnNbF6 is rhombohedral over the entire temperature range examined (∼100-500 K). 
Both ZnNbF6 and MnNbF6 show strong anisotropic PTE when rhombohedral. When 
examining their response to pressure, MnNbF6 became completely rhombohedral on initial 
compression and transformed to an unidentified phase at ∼6 GPa. Rhombohedral MnNbF6 
is initially elastically very soft (K0 ∼5 GPa) but stiffens considerably on compression. 
Below ∼3.5 GPa it displays negative linear compressibility. ZnNbF6 remained 




softness, stiffening on compression, and negative linear compressibility, which is 
consistent with the reported behavior on compression of other rhombohedral metal 
fluorides. 
After exploring the effect of cation substitution on the thermal expansion and 
response to pressure in M2+M4+F6, more complex composition changes were also explored. 




x]F6+x with x = 0.25, 0.50 
and 0.75 were prepared and examined to investigate the effect of incorporating excess 
fluoride, Chapter 5. Density measurements indicate that the excess fluoride is incorporated 
into the structure as interstitials. X-ray total scattering data show no major differences in 
local structure between the samples, which suggests that the interstitial fluoride is 
incorporated in a fashion distinct from that previously reported for other fluoride excess 




1-xZrF7-x, and Mg2-xZrxF4+2x. In these later 
materials, the conversion of corner sharing to edge sharing polyhedra was proposed as the 
mechanism for interstitial fluoride incorporation. The thermal expansion of Ca[Zr(IV)1-
xNb
(V)
x]F6+x changes with composition, but it remains strongly negative and strongly 
dependent on thermal history indicating that the defects introduced by incorporating 
niobium (V) in place of zirconium (IV) are mobile at low temperatures. On compression, 
the x = 0.25, 0.50 and 0.75 samples all underwent crystalline to crystalline phase transitions 
at low pressure (< 0.8 GPa). The x= 0.25 sample showed a transition like that reported for 
CaNbF6, whereas the x = 0.5 and 0.75 samples displayed transitions to a rhombohedral 










While exploring the response to pressure of these mixed metal fluorides, it was 
discovered that CaZrF6 was porous to helium at 300 K, Chapter 6. These experiments 
showed that CaZrF6 behaves as a molecular sieve with helium, but not nitrogen, able to 
penetrate the material. The insertion of helium at high pressures leads to the formation of 
a defect perovskite, (He2-xx)(CaZr)F6. Due to the temperature dependence of the porosity, 
the defect perovskite can be recovered to ambient pressure and low temperatures. There 
are no prior examples of perovskites with noble gases on the A-sites. The insertion of 
helium gas into CaZrF6 both elastically stiffens the material and reduces the magnitude of 
its negative thermal expansion. It also suppresses the onset of structural disorder, which is 
seen on compression in other media. Measurements of the gas released on warming to room 
temperature and Rietveld analyses of neutron diffraction data at low temperature indicate 
that exposure to helium gas at 500 MPa and 300 K leads to a stoichiometry close to 
(He11)(CaZr)F6. 
The initial results on incorporating helium into CaZrF6 represent a significant 
extension in perovskite chemistry, and a new set of physical properties to be explored for 
mixed metal fluorides. Therefore, further studies were done to explore the formation and 
properties of gas containing perovskites at higher pressures using helium and neon media 
in diamond anvil cells. In addition to CaZrF6, the materials CaNbF6 and 
CaNbIV0.5Nb
V
0.5F6.5 were also examined to see if helium could insert into materials with 
smaller average pore size, Chapter 7. These experiments explored the behavior on 
compassion from ∼0.2 GPa to > 4 GPa, which is much higher than the previous study (< 
0.5 GPa). On compression in neon, CaZrF6 showed no evidence for neon penetration. 




indicative of helium incorporation into the structure until ∼0.7 GPa. At higher pressures, 
the fully helium inserted material, [He2][CaZr]F6 remains cubic until amorphization at 3.5 
GPa and has an estimated bulk modulus of ∼47 GPa. CaNbF6, which has a smaller unit 
cell volume than CaZrF6, was also shown to incorporate helium until a pressure of ∼0.9 
GPa. The resulting perovskite, [He2][CaNb]F6, survived up to the highest measured 
pressure, ∼3.7 GPa, and has a bulk modulus of ∼47 GPa. Finally, CaNbIV0.5NbV0.5F6.5, 
which has the smallest unit cell volume of the materials examined and presumably contains 
interstitial fluoride, showed no evidence for neon penetration, but did display volume 
reduction on compression in helium consistent with helium insertion. The helium inserts 




0.5]F6.5 amorphizes above 3.3 
GPa and has a bulk modulus of ∼50 GPa. Based on these results, it is anticipated that other 
hybrid perovskites with small neutral molecules on the A-site can also be prepared and that 
they will display rich chemistry. Changes in composition of the parent material will allow 
for tuning of the effective pore size of the ReO3-type framework, which could affect the 
temperature at which gases are inserted, may allow other gases, including hydrogen, to be 
incorporated into perovskites and their uptake and release pressures to be controlled.
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CHAPTER 1. INTRODUCTION 
1.1 Thermal Expansion 
1.1.1 Significance and Applications 
The response of materials to heating and cooling, as well as the physics underpinning this 
response have been studied for over a century. It has been shown that generally materials 
expand on heating and contract on cooling. This behavior is referred to as positive thermal 
expansion (PTE). The understanding and characterization of PTE is important for materials 
scientist and engineers when using industrially significant materials for a variety of 
applications. There is however a class of materials that show the phenomenon of negative 
thermal expansion (NTE), meaning they contract on heating and expand on cooling. The 
thermal expansion of solids will be discussed in greater detail in the following sections, 
however understanding the thermal expansion properties of materials, PTE or NTE, and 
how they interact with each other has great significance for applications, creating an 
opening for industrial and scientifically impactful research. PTE presents issues with 
obtaining dimensional stability, which is important for precision components or the 
precisions positioning of components in optical applications. Another challenge presented 
by thermal expansion is that while the majority of materials exhibit PTE, the magnitude of 
the expansion can vary significantly. Commonly multiple materials are found in close 
contact with one another, and as they expand interfacial stress is generated.  These stress 
concentrated regions can lead to cracking or even failure of one of the materials. These 
problems can be combatted by compensating strong PTE with the inclusion of a NTE 
material in a thermal expansion composite. The ratio of PTE to NTE material can be 
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manipulated in the composite to give the desired magnitude of thermal expansion, while 
maintaining other desired properties required for the application. These composites are 
discussed in greater detail in a later section (1.2.1).1-3 Expansion mismatch between the 
PTE and NTE materials inside the composites can lead to stresses, consequently the 
response to stress of these materials is very important. This impact of hydrostatic stress, 
pressure, on thermal expansion will be discussed in section 1.3. 
This work examines the synthesis, characterization, and design rules for a family of NTE 
materials. However, there is also considerable efforts made to understand the overall 
thermal expansion and behavior on compression of solids that can help grow knowledge 
of framework materials, see section 1.2.3, that sometimes exhibit NTE. As many of these 
materials transition to PTE, or always show PTE, understanding their thermal expansion 
and response to pressure is important for establishing the trends and design principles.  
1.1.2 Theory of Thermal Expansion Behavior in Solids 
As previously stated, the general trend for most solids is to expand upon heating, PTE. The 
opposite, NTE, is an unusual property seen only in a few classes of materials. One simple 
way to understand why PTE is the predominant behavior is to examine the expansion of 






1.1.2.1 Bond Anharmonicity 
 
Figure 1.1 A comparison of a quantum harmonic oscillator (red) and Morse potential (blue) 
as an approximation for a molecular vibration. 
A quantum harmonic oscillator can be used to approximate the potential energy curve of a 
molecular vibration and is represented in red in Figure 1.1. This approximation neglects 
the cubic (anharmonic) term of the potential energy curve expansion. The resulting curve 
is parabolic, and as higher energy vibrations are populated the average interatomic spacing 
stays the same. Therefore, this approximation gives no dimensional change with change in 
temperature. However, a better way to approximate molecular vibrations is with a Morse 
potential, shown in blue in Figure 1.1. Again, as thermal energy is supplied to the system 
discrete vibrations are populated, but due to the anharmonicity of the curve, the population 
of these vibrations results in an increase in the average interatomic separation (blue dotted 
line Figure 1.1). Therefore, as the temperature increases, higher energy vibrational modes 
become populated giving longer bond lengths. If it is axiomatic that all bond lengths 
expand upon heating, then this can explain why most solids are PTE since they are a large 
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network of bonded atoms. However, if this is the case then how do NTE materials exist at 
all? The actual thermal expansion properties of solids are more complicated than just the 
isolated interaction of atom pairs.  
1.1.2.2 Phonons and the Grüneisen Theory of Thermal Expansion 
To more accurately describe the effects of atomic vibrations on the thermal expansion of 
solids, more than the oscillation of two isolated atoms must be considered. A solid is made 
up of a large network of atoms, which interact strongly with each other.  That means the 
atomic motions are also coupled. Vibrations propagate throughout the solid as a wave 
referred to as a phonon. This wave has a frequency and its energy is quantized. There are 
a finite number of independent phonons in a solid, and the total depends on the number of 
atoms. A specific lattice vibration can commonly be referred to as a phonon, or vibrational, 
mode. One way of relating the phonon modes of solids to their thermal expansion is through 






The thermal expansion of a material can be quantified by the coefficient of thermal 
expansion, CTE, which will be described in greater detail later. The volumetric CTE (αv) 
is related to the isothermal bulk modulus (KT see section 1.3.2), specific heat at constant 












The thermodynamic Grüneisen parameter considers the population of all vibrational modes 
at a given temperature, Equation 1.2. It is an average of the mode Grüneisen parameters 
(γi), which are characteristics of specific vibrational modes. The average is weighted (ci) 






The mode Grüneisen parameter can further be described by its relationship to the frequency 
(ν) of the vibration and the volume of the material, Equation 1.3. If a mode’s frequency 
softens (decreases) on decrease in volume, the mode Grüneisen parameter is negative. 
However, more commonly the frequency of a vibration increases with decrease in volume, 
and γi is between 1 and 3. The weighted average, γT, is typically a positive value resulting 
in a positive αv and PTE in the material.  
1.1.3  Quantifying Thermal Expansion 
To study the thermal expansion of a material, experimental measurements of its dimensions 
at known temperatures are needed. The dimensions of the solid and temperature can then 
be used to mathematically quantify the thermal expansion. One common method, which is 
used exclusively in this thesis, is diffraction. Other methods include mechanical, 
capacitance, and optical types of dilatometry.10-16 
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1.1.3.1 Diffraction Measurements 
This work relies heavily on x-ray and neutron scattering to characterize structure of 
materials. Diffraction relies on Bragg’s Law, Equation 1.4.  
 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (1.4) 
In this equation n is an integer, λ is the wavelength of the incident radiation, d is the spacing 
between lattice planes, and θ is the angle between the lattice planes and the incident beam. 
A diffraction pattern is generally reported as intensity vs 2θ, where 2θ is the angle between 
the incident beam and scattered beam. The diffraction pattern of a crystalline powder can 
be analyzed using the Rietveld method to refine parameters in a structural model and 
achieve the best fit to the data.17 Synchrotron x-ray or spallation neutron powder diffraction 
can result in accurate lattice constants for a material, which can be used to calculate reliable 
CTEs.  
1.1.3.2 Coefficient of Thermal Expansion 
The thermal expansion of a material can be quantified using a coefficient of thermal 
expansion, CTE. This coefficient was previously introduced in the context of phonons in a 
solid. A simple relation between the CTE and the dimensional change in one direction or 























The linear CTE (αL) can be calculated by the change in length of one direction per change 
in temperature proportional to the original length of the material. The volumetric CTE (αV) 
is calculated the same way except with the volume of the material, taking into account the 
changes in all three directions. In a cubic material where all three directions are equivalent 
then αV = 3*αL. However, if a material is not cubic the thermal expansion can be 
anisotropic, meaning the linear CTEs for the three directions are not equal. A representative 
linear and volumetric CTE can still be calculated for the material, but the crystal structure 
does not expand uniformly in a, b, and c. A material can be classified as displaying PTE, 
ZTE, or NTE based on the value of its CTE at a given temperature, Table 1.1.  
Table 1.1 Classification of thermal expansion based on volumetric CTE.18 
Positive Thermal 
Expansion (PTE) 
High Expansion αV  > 24 ppm K-1 
Intermediate Expansion 6 < αV  < 24 ppm K-1 
Zero Thermal Expansion 
(ZTE) or close to zero 
Very low Expansion -6 < αV  < -6 ppm K-1 
Negative Thermal 
Expansion (NTE) 
Intermediate Expansion -6 > αV  > -24 ppm K-1 
High Expansion αV  < -24 ppm K-1 
The CTEs for different materials vary wildly. This impacts their interaction with one 
another and their potential for application. Table 1.2 shows the CTEs of several common 
materials. This table illustrates that materials have very different CTEs, and the CTE of a 
material can depend strongly on temperature.  
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Table 1.2: Linear CTE and experimental temperature establishing thermal expanison seen 
in various solids.5,19-26 
Material αL [ppm K-1] Temperature [K] 
Pyrex 56.2 50 
Ice 37.6 200 
Graphite (c-axis) 29 300 
Aluminum 23.2 300 
Copper 16.8 300 
Ice 12.7 100 
Quartz (cr) 7.6 300 
Aluminum 3.8 50 
Copper 3.8 50 
Diamond 1.0 300 
Invar 0.07 278-303 
Diamond 0.004 50 
Quartz (cr) -0.33 50 
Graphite (a-axis) -1.0 300 
Pyrex -2.3 300 
ZrV2O7 -7.1 400-500 
ZrW2O8 -8.7 0.3-693 
AlPO4-17 -11.7 18-300 
Cu3(btb)2 -13 400 
ScF3 -14 60-110 
CaZrF6 -18 100 
Zn(CN)2 -19.8 < 180 
1.2 Negative Thermal Expansion 
Negative thermal expansion (NTE) is an unusual phenomenon, but our knowledge of NTE 
and the number of materials classified as showing NTE has grown in recent years. Several 
excellent reviews cover the topic.2,18,27-34 The understanding of NTE and study of NTE 
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materials is of fundamental interest, and an established area of consideration and 
importance for applications. 
1.2.1 Significance and Applications 
As previously stated, expansion mismatch can be a serious issue, see section 1.1.1. When 
multiple materials with different CTEs are in close contact, such as in devices, stresses can 
occur at their interface. This stress can lead to cracking and failure of the materials. This 
issue can be alleviated through the use of zero or controlled thermal expansion composites. 
These composites require the use of a NTE component to offset the PTE, while maintaining 
the physical properties (electrical conductivity, thermal conductivity, etc.) desired for their 
application. The magnitude of PTE in materials spans a very large range, and therefore the 
identification of new NTE materials with different CTEs and temperature ranges for their 
NTE is vital for advancing development of controlled thermal expansion composites.3 
There has already been work done on the fabrication and effectiveness on ceramic-ceramic, 
metal-matrix ceramic, and polymer ceramic composites containing NTE materials.35-43 
One such example is the use of the NTE material ZrW2O8 in combination with copper 
nanoparticles to form a metal-matrix composite with controllable thermal expansion that 
maintains its electrical and thermal conductivity.44 Although materials showing NTE over 
a wide temperature range are desirable for many applications, it is important to note that 
materials with very large NTE over narrow ranges can be useful in composites. Materials 
such as Bi0.95La0.05NiO3, which display extremely large NTE around room temperature can 




In order to make successful thermal expansion composites it is important to have a wide 
range of NTE materials with varying physical and chemical properties, and magnitudes of 
NTE. NTE is uncommon therefore synthesizing new compounds especially having very 
large NTE over a wide temperature range would have significant impact. The discovery of 
new NTE materials would also allow for the study of mechanisms underpinning their NTE. 
While the mechanisms leading to NTE have been studied, they can be complex. Studying 
materials with relatively simple NTE behavior allows for the perturbation of the chemistry, 
structure, and external stimuli to lead to methods for controlling thermal expansion. This 
expands the scientific knowledge about these rare materials and could facilitate the ability 
to design materials with specific NTE and physical properties for use in composites or 
standalone applications.  
When considering this possibility, it becomes apparent that in many applications, outside 
of thermal expansion composites, zero thermal expansion (ZTE) would be ideal. If a 
material has ZTE it will not change size with changes in temperature. This can alleviate 
the thermal expansion mismatch issues previously discussed, as well as prevent other issues 
such as thermal shock failure. Thermal shock failure occurs when there is a localized rapid 
change in temperature, and due to high thermal expansion and low thermal conductivity 
local expansion or contraction leads to stress. This stress can exceed the strength of the 
material leading to cracking and possible failure. Therefore, having close to ZTE prevents 
failure due to thermal shock, this has been utilized in the fabrication of ZTE glassware such 
as Pyrex flasks, beakers, etc. The dimensional stability on temperature change in a ZTE 
material would be especially important in the use of precision components that may 
experience mild or even extreme temperature changes, like those associated with space 
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travel. The ability to design a material with optical transparency over a wide wavelength 
range and ZTE would allow for the fabrication of thermally stable optical components, 
such as lenses. The exploration of the rare NTE behavior seen in materials, for developing 
a greater understanding NTE, developing control over the thermal expansion in materials, 
and utilizing new NTE materials in composites or optical applications were the inspiration 
for the work presented in this dissertation.  
1.2.2 Mechanisms Leading to NTE 
In the growing field of  NTE materials, several distinct mechanisms have been 
identified.34,46 The most prevalent mechanisms will be discussed here, although there are 
others and sometimes multiple contributing factors in the NTE of a material.  
1.2.2.1 Magnetic Transitions 
Large volume changes can result from thermally induced transitions between magnetic 
states. This volume change is a magnetovolume effect (MVE). With changing temperature, 
a materials volume can gradually change as the amplitude of the magnetic moment 
changes. The reporting of unusually low thermal expansion in Invar alloys led to the 
investigation of how magnetic ordering effects thermal expansion.47 MVE can counter a 
lattice expansion caused by increased vibrational motion. While magnetostriction leading 
to low or NTE is often referred to as the Invar effect, it has been identified as the NTE 
mechanism in several types of materials including Mn3AN (A= transition metal), YMn2, 
MnCo0.98Cr0.02Ge and La(Fe,Si,Co)13.
48-54 These types of materials can show extremely 
large NTE, but the large MVE leading to the NTE often occurs over a narrow temperature 
range. This can be seen in (Mn0.96Fe0.04)3(Zn0.5Ge0.5)N with a αL= -25 ppm K
-1  for ΔT: 
 
 12 
316-386 K and MnCo0.98Cr0.02Ge with a αL= -116 ppm K
-1 for ΔT: 250-305 K.50,53 Away 
from the Currie temperature, and therefore the magnetic phase transition, these materials 
tend to show PTE due to the classical vibrational effects discussed previously. 
1.2.2.2 Ferroelectric Transition 
Ferroelectric materials show spontaneous electric polarization, which is reversible with 
applied external electric field. This transition has been shown to lead to NTE, and 
ferroelectrics, similar to ferromagnets, only show ferroelectricity below their Currie 
temperature. However, the physics leading to the NTE behavior are different than that for 
magnetic transitions. In ferroelectrics, the transition leads to polarization. This occurs due 
to the displacement of cations from the center of polyhedra generating a dipole moment. 
The displacement results in distorted larger polyhedra, which can lead to increased volume 
of the structure on cooling through the transition temperature. The NTE caused by this type 
of transition occurs over a narrow temperature range, but certain substitutions can increase 
the transition temperature range. This type of mechanism has been reported to generate 
NTE in materials like 0.4PbTiO3-0.6BiFeO3 (αL= -13 ppm K
-1, ΔT: 298-923 K) and 
Pb(Ti,V)O3 (αL= -12.5 ppm K
-1, ΔT: 298-823 K).55,56 
1.2.2.3 Charge Transfer 
Charge transfer between two atoms can result in NTE. When an atom loses valence 
electrons and its oxidation state increases, its ionic/atomic radius shrinks and vice a versa. 
The magnitude of the change in ionic/atomic radius depends on the element and several 
other factors. Additionally, the effect of ionic radius change on the lattice constant of the 
material depends on the crystal structure.  This NTE mechanism relies on the effect of 
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contraction of atomic radii on heating outweighing the expansion, thus resulting in a net 
contraction on heating. This type of NTE or ZTE has been seen in several materials 
including Sm1-xYxS, YbGaGe, ACu3Fe4O12, and several variations of BiNiO3.
45,57-62 
Noticeably large NTE has been reported in SrCu3Fe4O12 (αL= -22.6 ppm K
-1, ΔT: 170-270 
K) and Bi0.95La0.05NiO3 (αL= -82 ppm K
-1, ΔT: 320-380 K).45,61 Again, the temperature 
range for NTE tends to be small, due to the charge transfer occurring over a small 
temperature range. When the materials are not undergoing the charge transfer transition, 
vibrational effects dominate the thermal expansion and lead to PTE. Interestingly, in 
Bi0.95La0.05NiO3 the smooth change in volume on heating was attributed to a phase 




Figure 1.2: Example of longitudinal (bond lengthening) and transverse (shortening of M-M 
distance) vibrations that occur on heating. 
As previously stated, bonds typically lengthen on heating, and generally vibrational motion 
in solids leads to PTE. However, NTE can result when the population of vibrational modes 
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that reduce volume dominate the low energy vibrational contributions to thermal 
expansion. As previously discussed, transverse vibrations of linking atoms can reduce 
volume, and outweigh contributions from longitudinal vibrations leading to NTE, Figure 
1.2 .  
 
Figure 1.3: Transverse motion of linking atom between rigid octahedra or rigid unit modes 
(RUMs). 
This type of mechanism has been seen in flexible open framework materials. These 
materials consist of linked polyhedra that contain strong bonds, which reduces the effects 
of longitudinal vibrations. Due to this the polyhedra can be considered as rigid units. 
Therefore, the transverse motion of the linking atoms results in coupled rotations of the 
polyhedra, which reduces the average distance between center atoms of polyhedra. This 
type of vibrational mode occurs with little distortion of the polyhedra and has been 
classified as a rigid unit mode (RUM). An example of a RUM in a simple corner linked 
octahedra system is shown in Figure 1.3. These RUMs and other similar modes contribute 
to NTE in several different classes of framework materials.63-65 The rigidity of the 
polyhedra varies. Softer polyhedra can distort more easily, and these distortions lead to 
bond lengthening and contribute to expansion in the material. Therefore, the rigidity of the 
polyhedra is an important factor in weather NTE occurs in these types of systems. 
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1.2.3 Open Framework Materials 
As this work focuses on materials whose NTE originates from vibrational motion, it is 
important to note what is already known about this class of materials. The materials known 
to display this type of NTE have open frameworks. They typically consist of ordered corner 
sharing polyhedra, although their structures, composition, density, and physical properties 
can vary. The thermal expansion and response to compression of framework materials will 














1.2.3.1 Zeolites and Aluminophosphates 
 
Figure 1.4: Structural unit and sub units that make up three well known zeolites.  
Zeolites are microporous aluminosilicate materials that consists of three-dimensional 
framework of silica (SiO4) and alumina (AlO4) tetrahedra. These tetrahedra can arrange in 
different ways building up to the super cage structures that define different classes of 
zeolites, Figure 1.4. This class of microporous framework materials, which includes the 
structurally related aluminophosphates (AlPO4s), have shown negative thermal expansion 
resulting from cooperative motions of these linked rigid tetrahedral units. Some of the 
earliest materials know to show NTE were aluminosilicates like β-eucryptite (LiAlSiO4) 
and cordierite (Mg2Al4Si5O8).
66,67 Early lattice dynamic calculations by Tschaufeser and 
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Parker theoretically predicted NTE in many zeolites and AlPO4s at elevated temperatures.
68 
Soon thereafter a thorough study by Dove et al looked at RUMs and their effect on phase 
transitions in framework silicates.69 Attfield and Sleight were among the first to 
experimentally identify NTE in zeolites and AlPO4s, reporting NTE in siliceous faujasite 
αL= -4.2 ppm K
-1, ΔT: 25-573 K and AlPO4-17 αL= -11.7 ppm K
-1, ΔT: 18-300 K.20,70 They 
also note that the thermal expansion is anisotropic in AlPO4-17, with greater contraction in 
the a/b plane than along the c-axis. Anisotropic thermal expansion can present issues in 
applications previously discussed. In the past few decades many zeolites have been 
predicted to and shown to display NTE.71 Relatively large NTE has been seen in Chabazite 
with αL= -16.7 ppm K
-1 at temperatures approaching 873 K.72 More recently, it has been 
reported that the thermal expansion can be affected by presence of guest molecules in 
pores, and this behavior can be utilized to control thermal expansion.73 
1.2.3.2 Metal Cyanides 
 
Figure 1.5: Comparison of a) tetrahedral, b) Prussian blue, and c) trigonal prismatic type 
metal cyanide frameworks. 
Similar to zeolites, metal cyanides can adopt frameworks based on corner sharing 
tetrahedron, however instead of a corner linked by oxygen the tetrahedra are linked by a 
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diatomic cyanide, Figure 1.5a. The diatomic bridges give the framework greater flexibility 
resulting from an increase degree of freedom for the linker, leading to greater transverse 
motion and a greater number of low-energy RUMs. Two possible transverse displacements 
of a diatomic linker have been proposed, “skipping-rope” and “kinky” modes, where the 
two atoms displace to the same side or opposite sides, respectively.21,74  The work of 
Williams et al. on Zn(CN)2 showed the first experimental example of NTE in a metal 
cyanide framework.75 This compound has been thoroughly investigated revealing a 
minimum CTE of αL= -19.8 ppm K
-1 below 180 K, and studies have confirmed the 
transverse motion of bridging CN atoms, counteracts the contributions from significant 
expansion of Zn-C/N bonds leading to NTE.21,74,76 Although there is some debate on the 
exact nature of these modes.21,74 The substitution of Cd into Zn(CN)2 has been shown to 
lead to large NTE, with a αL= -33.5 ppm K
-1 for Cd(CN)2 from 170 to 375 K.
77 Metal 
cyanides can also adopt an octahedral network similar to that of ReO3 discussed in section 
1.2.4. This structure is seen in Figure 1.5b for the material Prussian blue Fe7(CN)18. An 
early study of the Prussian blue analogue Fe[Co(CN)6], with Co and Fe centered octahedra 
connected by CN bridges, showed slight NTE with an average CTE of αL= -1.47 ppm K
-1, 
ΔT: 4.2- 300 K.78 These initial results led to the examination of  Ag3[Co(CN)6], which 
shows anisotropic thermal expansion with very large PTE in the a direction and “colossal” 
NTE in the c direction (αL= -125 ppm K
-1).79 A series of Prussian blue analogs 
M2+[Pt(CN)6] with M= Mn, Fe, Co, Ni, Cu, Zn, and Cd) were studied and a compositional 
dependence of the NTE was observed. The NTE increased from αL= -1.02 ppm K
-1 for 
NiPt(CN)6 to αL= -10.02 ppm K
-1 for CdPt(CN)6 over the temperature range of 100-400 
K.80 The effects of guest inclusion, into the nanoporous structure, on thermal expansion 
 
 19 
were studied in Zn and Cd MPt(CN)6 x H2O.
81 Guest molecules in the pores of the 
framework structure sterically dampen the transverse vibrational modes that lead to NTE. 
However, very large NTE has been seen in a few hydrated Prussian blue analogs such as 
Mn3[Co(CN)6]212H2O (αL= -48 ppm K
-1, ΔT: 125-298 K).82 This behavior is postulated 
to result from an increase in lattice flexibility due to water replacing cyanide linkers, but 
the thermal expansion in other hydrated Prussian blue analogs ranged from strong PTE to 
strong NTE. Recently NTE was observed in another type of framework metal cyanide, 
ErCo(CN)6, consisting of linked trigonal prisms and octahedra, Figure 1.5c. The dehydrated 
material adopts a hexagonal structure and showed anisotropic CTE with  αa= -8 ppm K
-1, 
αc= -9 ppm K
-1, and effective αL=1/3 dV/VdT = -9 ppm K
-1 from 100 to 375 K.83 Shortly 
thereafter a series of LnCo(CN)6 (Ln= La, Pr, Sm, Ho, Lu, and Y) materials with this 
structure were analyzed. The results indicate a general trend of increasing NTE with 
increasing ionic radius of the lanthanide. The CTE changes from an effective αL= -9.56 
ppm K-1 for Lu to αL= -16.58 ppm K









1.2.3.3 Metal-Organic Frameworks (MOFs) 
 
Figure 1.6: Changes in structure and pore size of several MOF types. 
Metal-organic frameworks (MOFs) are materials where metal ions or clusters are linked 
by coordination to organic ligands. MOFs can adopt three-dimensional structures and are 
porous. The structure of the framework can vary greatly depending on choice of cluster 
and linker, Figure 1.6, allowing for the tuning of properties like pore size. Research on 
these materials garnered great interest in the mid-2000s due to their possible applications 
in the storage and separation of gases. It was first noted in gas absorption experiments by 
Yaghi et al that MOF-5 (Zn4O13-(C8H4)3 showed an increase in unit cell volume of 1% on 
cooling from 293 to 30 K.85 Shortly after, simulations showed that several isoreticular 
metal-organic frameworks (IRMOFs) and other MOF-5 related materials should show 
strong NTE.86,87 While the NTE in MOF-5 has been attributed to low-energy RUMs 
involving the transverse motion of carboxyl linkers between rigid ZnO4  clusters and 
benzene rings, work by Kepert et al simulating NTE in [Cu3(btc)2], suggests the NTE 
mechanism can be more complex than in other framework systems.88,89 The NTE in MOFs 
is attributed to the rigid or semi-rigid vibrations of large fragments, such as vibrations 
within the polynuclear metal center, transverse vibrations of rigid two-dimensional linkers, 
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and motion of whole cage structure. Experimentally MOFs have shown NTE behavior over 
wide temperature ranges including Cu3(btc)2 (αL= -4.1 ppm K
-1, ΔT: 80-500 K), MOF-5 
Zn4O13-(C8H4)3 (αL ∼-16 ppm K-1, ΔT: 4-600 K), and Cu3(btb)2 (αL ∼-4 ppm K-1 at 4 K 
decreasing linearly to αL ∼-13 ppm K-1 at 400 K).22,88,89  
1.2.3.4 Metal Oxides  
 
Figure 1.7: Structure of ZrW2O8 showing a combination of interlinked tetrahedra and 
polyhedra commonly seen in many NTE metal oxides. 
Metal oxides are the most thoroughly studied compositions known to display NTE. 
Frameworks consisting of corner linked octahedra and tetrahedra, Figure 1.7, are 
commonly found in NTE metal oxides, with variations in distortions and connectivity. 
Early work on materials in the NZP family, NaZr2(PO4)3, showed some of the first NTE in 
non-zeolitic metal oxides.18 However, this area of research was invigorated by the 
discovery of NTE in ZrW2O8, which is now one of the most researched NTE materials. It 
was first reported in 1959, and first shown to display NTE by Hummel et al in 1968.90,91 
However the cause of its NTE wasn’t elucidated until work done by Sleight and coworkers 
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a few decades later. They initially looked at NTE in ZrV2-xPxO7 where low phosphorous 
compositions exhibited NTE.23,92 Then in 1996, they reported strong NTE from 0.3 to 1050 
K in ZrW2O8  (αL= -8.7 ppm K
-1, ΔT: 0.3-693 K).24 This was the first material to show 
large isotropic NTE over a wide temperature range, and the original work attributed the 
NTE to transverse thermal vibrations of bridging oxygen atoms leading to coupled 
rotations of rigid polyhedra. The mechanism leading to NTE in ZrW2O8 and many other 
metal oxide frameworks has been studied thoroughly since this initial work.93-95 The 
consensus being that transverse vibration of oxygen in RUMs, discussed previously, 
generates NTE. The NTE of ZrW2O8 shows a discontinuity at 448 K due to an order-
disorder phase transition.24 This transition occurs between two cubic phases due to a 
disordering of oxygen in the high temperature phase. The Hf analog, HfW2O8, shows very 
similar behavior with strong NTE and an order-disorder phase transition at 463 K.24,96 The 
analogous cubic ZrMo2O8 is metastable with an oxygen-disordered structure below 673 K, 
which transitions from dynamic to static disorder on cooling below 200 K.97 The NTE was 
reported as αL= -6.9 ppm K
-1 from 2 to 200 K and αL= -5.0 ppm K
-1 from 250 to 502 K.98 
After the initial studies of ZrV2O7, it was shown to display strong NTE at higher 
temperatures (αL= -7-10 ppm K
-1, ΔT: > 375 K). However, it undergoes phase transitions 
on cooling.23,99-101 The NTE seen in the highest temperature cubic phase is a result of 
transverse vibrations of the oxygens between corner-sharing polyhedra, but these modes 
also involve distortions of the polyhedra. Therefore, the modes contributing to the NTE are 
classified as quasi-RUMS or qRUMs.65 This family of oxides, AM2O7,  is quite large with 
M= V, P, or As and many tetravalent metals on the A site are known.23,102-110 However, 
most of the phosphates, vanadates, and arsenates show PTE at all temperatures, and a few 
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of the larger tetravalent metal materials including CeP2O7, UP2O7, and ThP2O7 display 
NTE only in the high temperature phase.23,102-108  
After NTE was identified in the AM2O8 and AM2O7 families, A2M3O12 garnered interest. 
With M= W or Mo and A= small trivalent main group metals and rare earths, the structures 
of these materials are generally monoclinic or orthorhombic.111-113 The materials with 
orthorhombic symmetry often undergo a phase transition to monoclinic on cooling.65,114,115 
This monoclinic phase shows PTE. The PTE is anisotropic with some NTE in the unique 
b direction.115 The material Sc2W3O12 adopts an orthorhombic structure, a study of its 
thermal expansion from 10-1300 K revealed NTE (αL= -2.2 ppm K
-1, ΔT: 50-450 K).113 
The NTE in the orthorhombic phase is anisotropic with PTE in the b direction. The 
molybdenum analog, Sc2Mo3O12, shows a transition from monoclinic to orthorhombic on 
warming above 180 K, and anisotropic NTE with a αa of -8.41 ppm K
-1, αb of 10.82 ppm 
K-1, and αc of -8.73 ppm K
-1 from 200 to 300 K.115  The thermal expansion of many of 
oxides in this family varies due to phase transitions leading to PTE.116 However a few have 
shown notable NTE including Lu2W3O12 (αL= -6.8 ppm K
-1, ΔT: 400-900 K), Y2W3O12 
(αL= -7.0 ppm K
-1, ΔT: 15-1373 K), and Y2Mo3O12 (αL= -12.6 ppm K
-1, ΔT: 403-1173 
K).117-119 The NTE in these materials cannot be classified as arising from RUMs as the 
polyhedra distort more readily than in other metal oxide structures, but the NTE is still a 
result of transverse vibrations of linking oxygens.65 No NTE is seen in these materials when 
the A cation is smaller than Sc, and this is due to the greater flexibility of the larger 
polyhedra.111,112,116 
Dozens of studies have been done on these families of oxides exploring NTE, phase 
transitions, and looking at the effect of chemical substitution and solid solution formation 
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on these properties. These results are summarized in several reviews.27,28,30,31,33 A few less 
obvious substitutions have been studied. Sn4+ and Ti4+ both showed limited solubility of 
∼30% (Zr0.7Sn0.3W2O8) and 5% (Zr0.95Ti0.05W2O8), respectively. In both, the NTE showed 
little composition dependence, but increasing substitution lowered the order-disorder phase 
transition.120,121 Several trivalent ions like Sc, In, and Y have been substituted with limited 
solubility, but showing significant effects to the phase transition temperature. The thermal 
expansion of the disordered phase remained the same, but the NTE weakened with 
increasing substitution.122-126 A few aliovalent substitutions have been reported in the 




127-130 All of the phosphates showed PTE, which is consistent 
with the behavior of other AP2O7.
127,128 The substitution of Y3+ and Nb5+ reduced the PTE 
in the low temperature phase but showed little effect on the phase transition temperature or 
NTE of the high temperature phase.129 The substitution of Mo resulted in very similar 
behavior to the parent ZrV2O7 material.
130 There have been reported aliovalent 
substitutions for the A2W3O12 system as well, for example MgZrW3O12 and 
MgHfW3O12.
131-133 They adopt a PTE monoclinic phase below 400 K, and transition to an 
orthorhombic phase high temperature phase. The monoclinic phase is isostructural to that 
commonly seen in A2W3O12, but the orthorhombic phase is slightly different than the 
structure of Sc2W3O12.
132,133 The thermal expansion was reported as NTE in MgHfW3O12 
(αL= -1.2 ppm K
-1, ΔT: 400-800 K) and close to ZTE in MgZrW3O12 (αL= ∼0.4 ppm K-1, 
ΔT: 423-873 K).132,133 Molybdenum analogs of both materials have also been 
reported.134,135 Only an orthorhombic phase was seen for MgZrMo3O12 from 303 to 873 K, 
and a CTE of αL= 6.0 ppm K
-1 was reported for this temperature range.134 Similarly, 
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MgHfMo3O12 remains orthorhombic with a CTE of αL= ∼1.0 ppm K-1 from 298 to 973 
K.135 The material Zr2WP2O12 was synthesized then characterized in several studies, which 
showed it adopted a orthorhombic phase.136,137 This material was reported to show NTE of 
∼-3 ppm K-1 from 60 to 450 K and ∼-5 ppm K-1 from 60 to 300 K.138,139 The Hf and Mo 
analogs have been reported to have similar behavior.138 
1.2.4 ReO3-Type Metal Fluoride Materials  
 
Figure 1.8: The structure of cubic and rhombohedral cation ordered ABF6 with ReO3-type 
connectivity. 
The ReO3-type structure is a simple three-dimensional framework of corner linked 
octahedra, named after ReO3 which adopts this framework, Figure 1.8. This structure can 
be cubic with linear M-X-M bonds, or rhombohedral with M-X-M angle of < 180 degrees. 
The cubic structure could theoretically display NTE if contributions from transverse 




1.2.4.1 Rhenium Trioxide 
 
Figure 1.9: Change in lattice constant/unit cell volume of cubic ReO3 with change in 
temperature from 2 to 800 K.140 (Reprinted with permission from T. Chatterji et al. Appl. 
Phys. Lett. 2009, 94, 241902-241903. Copyright 2009 AIP Publishing) 
In 1979 ReO3 was originally studied from 291 to 464 K, and found to display low PTE.
141 
Several years later a clearer picture of its thermal expansion was established in several 
different studies.140,142-145 In Figure 1.9 the work by Chatterji et al shows the thermal 
expansion of ReO3 from 2-800 K.
140 Although this structure was thought to be able to 
generate NTE, this compound shows PTE above room temperature. ReO3 does display 
NTE at temperatures below 200 K. The reason NTE does not occur at higher temperatures 
is attributed to the electrical conductivity and low resistivity of ReO3, which has one 
unpaired electron.146 The NTE at low temperatures is likely a consequence of RUMs 





1.2.4.2 Metal Trifluorides (MF3) 
 
Figure 1.10: Change in unit cell constant and CTE for cubic ScF3 from 10 to 1700 K.25 
(Reprinted with permission from B. K. Greeve et al. J. Am. Chem. Soc., 2010, 132(44), 15496-
15498. Copyright 2010 American Chemical Society) 
While ReO3 does not show large NTE over a wide temperature range, it did reinforce the 
ReO3-type structure as a simple structure to study in the search to identify and understand 
NTE. Metal fluorides are also known to adopt this structure and soon drew interest as 
possible NTE materials. The crystal structures of many metal trifluorides, MF3, have been 
studied, and found to be cubic at elevated temperatures. However, phase transitions to a 
“VF3” rhombohedral phase are typically seen on cooling, with the transition temperature 
varying.147-149 This rhombohedral phase is expected to show PTE contributions from 
transverse motion of bridging atoms, and therefore is undesirable for finding NTE in ReO3-
type systems. The first variable temperature measurements on MF3 materials were for TiF3 
then AlF3 in the early 2000s.
150,151 Both of these materials were shown to have a 
rhombohedral structure around room temperature with large PTE.  TiF3 and AlF3 showed 
a phase transition to cubic on heating above 370 and 650 K, respectively. The cubic high 
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temperature phases show very slightly PTE. In 2010, Wilkinson et al identified ScF3 as 
remaining cubic down to at least 10 K.25 ScF3 shows large isotropic NTE over a wide 
temperature range (αL= -14 ppm K
-1, ΔT: 60-110 K), Figure 1.10. At the time this made 
ScF3 one of the strongest vibrationally driven NTE materials known. The NTE in ScF3 is 
comparable to that seen in other framework materials showing large NTE, but with the 
added benefit of being a powder formable into ceramics. This makes ScF3 and other NTE 
metal fluorides reasonable candidates for application. The NTE mechanism for ScF3 was 
attributed to transverse motion of linking fluoride generated by the correlated rocking of 
rigid ScF6 octahedra (RUMs).
152,153 This NTE mechanism in ScF3 was more recently 
described as a “guitar-string” effect.154 Since NTE in ScF3 was identified, changes in 
thermal expansion by chemical substitution have been explored.155-161 While none of these 
materials showed stronger NTE, these results showed the effect of doping on the stability 
of the cubic material, as some substituted materials showed rhombohedral phase transitions 









1.2.4.3 Mixed Metal Hexafluorides (M2+M4+F6) 
 
Figure 1.11: a) Cation ordered cubic ReO3-type structure of ABF6, and b) reported variation 
in structure with change in M2+ and/or M4+ cation.162 
Once the search for cubic ReO3-type MF3 materials became exhausted, researchers turned 
to the aliovalent substitution of the M3+ cation for M2+ and M4+. The metal hexafluorides, 
M2+M4+F6, can adopt the desirable cubic ReO3-type structure at room temperature, Figure 
1.11a. Most of the original work on these materials studied synthesis, structure and 
magnetic properties.163-171 The initial results revealed other phases including a 
rhombohedral distortion discussed previously,  Figure 1.8.  A compilation of the several 
different structures found in mixed metal hexafluorides at ambient conditions is given in 
Figure 1.11b, adapted from Hagenmuller.162,170 The ReO3, LiSbF6, and VF3 structure types 
are related and consist of corner linked octahedra.  Materials with known room temperature 
cubic ReO3-type structures, shown as squares in Figure 1.11b, were targeted for possible 
strong NTE. The first experimental results by Hancock et al showed that CaZrF6, Figure 
1.12, remains cubic over a wide temperature range, and displays very large isotropic 
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NTE.26 With a linear CTE reaching as low as ∼-18 ppm K-1 at 100 K, CaZrF6 has stronger 
NTE than ScF3 and many metal cyanides, MOFs, and oxides.  
 
Figure 1.12: Contraction of lattice constant and change in linear CTE of CaZrF6 with 
increasing temperature from 10 to 1100 K.26 (Reprinted with permission from J. C. Hancock 
et al. Chem. Mater. 2015, 27(11), 3912-3918. Copyright 2015 American Chemical Society) 
The CaHfF6 analog showed very similar behavior and while the NTE of these two materials 
was strongly temperature dependent, their NTE was some of the strongest ever seen for 
framework materials. These initial results along with ScF3 showed that cubic ReO3-type 
metal fluorides have great potential for large isotropic NTE over a wide temperature range. 
One of the major focuses of the work presented in this thesis is take advantage of the great 
compositional flexibility of the M2+M4+F6 family to explore the effects of chemical 
substitution on thermal expansion and phase behavior. The known room temperature 
structures reported in Figure 1.11b, and the reported behavior of CaZrF6 were utilized to 





1.2.4.4 Fluoride Excess ReO3-type Materials 
Early synthetic work showed that aliovalent substitutions could be made in the M2+M4+F6 
family of materials.168,172-176 Substitutions of M3+ for M2+ and M4+ for M2+ were preformed 
and some resulted in cubic phase materials. These types of materials are intriguing as when 
a high valence metal is substituted the structure will develop either cation vacancies or 
incorporate excess fluoride to keep charge balanced. Poulain et al reported the synthesis of 
and structural examination of YbZrF7, where the structure was determined to be a non-
cation ordered cubic phase.173,176 The authors stated that based off these results and earlier 
work on the oxyfluoride material, that YbZrF7 kept charge balance through anion excess.
177 
They believed the excess fluoride resulted in a displacement of normal anions from the 
middle of the cell edge, and a replacement of some of these anions by fluorine-fluorine 
pairs. These fluorine pairs caused a change in coordination of neighboring metal ions from 
octahedral to pentagonal bipyramidal. This transformation strictly corner sharing structures 
to ones containing edge shared polyhedra is diagrammatically shown in Figure 1.13. 
 
Figure 1.13: Schematic showing possible edge sharing defect arising from the incorporation 
of interstitial fluoride in a corner sharing framework. 
These results along with others suggested that the substitution of high valent metals into 
metal fluorides would result in fluoride excess materials with interstitial fluorides and 
edge-sharing polyhedra. The introduction of this type of structural change should have a 
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large effect on vibrations responsible for thermal expansion, as the degrees of freedom 
associated with the linker fluorides decreases. Therefore, this type of local structural 
change could be a tool for controlling or tuning the thermal expansion seen in metal 
fluorides. One of the first thermal expansion studies on any fluoride excess framework 
material looked at (Sc1-xZrx)F3+δ.
160 The results indicated a tuning of thermal expansion 
from NTE through zero to PTE on increasing Zr content. However, the author claims that 
the structure displays local rhombohedral-type octahedral tilting defects and not edge-
sharing defects. Due to this, the introduction of excess fluoride to maintain charge balance 
is not accounted for, and the stoichiometry of the fluoride was represented as F3+δ.
160 Using 
aliovalent substitution as a strategy for generating defects to control NTE in metal fluorides 
was further explored for YbZrF7.
178,179 This material as previously discussed was 
synthesized and characterized structurally, but its thermal expansion behavior was 
unknown. The new results did support the edge-sharing interstitial fluoride model; 
however, the thermal expansion behavior was complex. YbZrF7 shows thermal history 
dependent expansion, while also displaying ZTE close to room temperature. While the 
insertion of excess fluoride didn’t lead to simple weakening of NTE, work on YbZrF7 did 
support the edge sharing interstitial model and showed some promise for utilizing excess 
fluorine to control thermal expansion. Another recent study reported the transition from 
partial edge-sharing to corner sharing octahedra to tune thermal expansion from PTE 
through zero to NTE in Ti2+xTi
3+
1-xZrF7-x (x= 0,0.5, and 1).
180 The author indicated that  the 
excess fluorine was incorporated interstitially, leading to a weakening of NTE through zero 
to PTE, and similar effects have seen in Mg2-xZrxF4+2x and Ti1-xZrxF3+x.
181,182 The use of 
this method for designing materials with a certain magnitude of NTE or ZTE is still 
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relatively unexplored area of research. In CHAPTER 5 of this thesis the behavior of the 
fluoride excess material CaZr1-xNb
5+
xF6+x is explored.  
1.3 Behavior of Negative Thermal Expansion Materials on Compression 
Diffraction methods can also be utilized to probe the response of materials on compression. 
These measurements typically involve a diamond anvil cell (DAC) for high pressures 
(several GPa), or large metal gas pressure vessels for modest pressures (few kbar). These 
types of experiments can probe the change in lattice constant with pressure (and 
simultaneously temperature) and allow for the characterization of both a materials elastic 
properties and structure. 
1.3.1 Significance and Applications 
As discussed previously, NTE materials can be utilized to compensate for PTE materials 
to create composites with desired thermal expansion and physical properties. However, on 
a microlevel in these composites if one material is expanding while the other is contracting 
around it then the materials experience stresses. This type of stress from thermal expansion 
mismatch or stress from creating the composite can lead to changes in the material’s 
structure and/or physical properties. This has been established as an issue, and one example 
is the Cu and ZrW2O8 metal matrix composites.
36,183 Research has shown that stress 
induced from making the composite resulted in partial conversion to high-pressure phase 
γ-ZrW2O8.
35 When thermally cycled, the composite shows reversible partial phase 
transitions between the high-pressure phase and cubic phases. This is attributed to stress 
induced by thermal expansion mismatch, and the presence of the orthorhombic γ-ZrW2O8, 
known to display PTE, complicates the thermal expansion of the bulk composite.184-186 
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Stress induced form thermal mismatch has also been seen for the large NTE material ScF3. 
When ScF3 powder was mixed and cooled with large PTE material GE-7031 varnish 
(utilized for its high thermal conductivity), the contraction of the varnish on the expanding 
ScF3 resulted in a cubic to rhombohedral phase transition.
187  As previously discussed the 
large NTE in some framework materials, which makes them desirable to offset PTE, is 
directly tied to their structure. Therefore, phase transitions caused by stress from composite 
fabrication or thermal expansion mismatch can greatly affect the behavior of these 
composites. Making it very important to understand how NTE materials respond to stress. 
Which is why considerable work has been done and why this thesis includes variable 
pressure experiments.  
1.3.2 Bulk Modulus  
The isothermal bulk modulus (KT sometimes abbreviated BT) quantifies how resistant to 
compression a material is. The bulk modulus, which is inversely related to the 
compressibility, is defined in Equation 1.7. 
 






K0, unless otherwise stated, refers to the room temperature isothermal bulk modulus at 
ambient pressure and quantifies how elastically soft/stiff a material is. A few examples of 
stiff materials with large bulk moduli are diamond 442 GPa and alumina 227 GPa.188 Some 
solid materials can be quite soft with a small bulk modulus, for example NaCl with K0= 
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23.9 GPa.189 The bulk modulus can vary with pressure, and this dependence is quantified 
in the first derivative of the bulk modulus (K’) with respect to pressure, see section 1.3.3. 
1.3.3 Pressure-Induced Softening 
As a material is compressed and its volume reduced, its resistance to further compression 
typically increases. Therefore, the bulk modulus typically gets larger with increase in 
pressure. This type of behavior is seen in most materials and referred to as pressure-induced 
stiffening. However, in some rare cases the phenomenon of pressure-induced softening 
(PIS) is seen. PIS is when a material becomes softer, lower bulk modulus, on compression. 
The first derivative of the bulk modulus (K’) is negative for a material with PIS, and the 
more negative the larger the PIS. While PIS is an anomalous behavior for materials, it was 
actually predicted for framework NTE materials.190,191 This theoretical study linked the PIS 
to the phonon modes that lead to NTE in framework materials.  
1.3.4 Effect on CTE 
Clearly phase transitions induced by stress on NTE materials will have a large impact on 
their thermal expansion, but there are also pressure effects on the ambient phase to 
consider. Extensive work has been done by Fang, Dove, and coworkers to examine the 
relationship between thermal expansion, temperature, and pressure in framework NTE 
materials. Molecular dynamic simulations and simple models were used to investigate 
ceramics like metal oxides, metal cyanides, zeolites, and metal fluorides as well as MOFs, 



















 𝐾𝑇 =  𝐾0𝐾 − 𝑏𝑇𝑒
−𝑇0/𝑇  (1.9) 
The thermodynamic identity for change in thermal expansion with pressure is given in 
Equation 1.8.193 Work based on this identity,  observations, and theory developed the 
relationship shown in Equation 1.9.194,195 In these equations α is the volume CTE, P is 
pressure, K0K is bulk modulus at 0 K, T is temperature, and b and T0 are constants. The 
temperature derivative of the bulk modulus at constant pressure can therefore be expressed 











It has been established that the T0/T term is always positive, and that for most materials b 
is positive. Therefore, in equation 1.9 the temperature derivative of the bulk modulus at 
constant pressure is going to be negative for most materials. This makes physical sense as 














, will be negative. This shows that the CTE is expected to decrease for a 
material on compression meaning a weakening of PTE and strengthening of NTE.  
This behavior can be explained more visually when considering the potential energy well 
for the octahedral rotations that can generates NTE in ReO3-type materials. In a recent 
study exploring the relation between lattice parameter and phase transitions in several 
metal fluorides, the behavior under compression was also examined.196 Calculations were 
performed to generate an energy scan for the F1g vibrational mode in CaZrF6, and Figure 
1.14 was adapted from their work.196 
 
Figure 1.14: Energy scan for changing angular displacement in F1g vibrational mode on 
compression. 
The F1g vibrational mode represents the rigid rotation of Zr and Ca octahedra. These 
calculations show that at ambient conditions in the cubic phase the energy scan generates 
a single-well potential, black line Figure 1.14. This potential well changes to a double-well 
potential as the material is forced through compression to a distorted phase such as 
rhombohedral, red line Figure 1.14. However, during this transition the vibrational energy 
scan behaves more like a quartic anharmonic potential, blue line Figure 1.14. In this type 
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of potential well the mode shows a larger angular range, and this larger rotation in the 
RUMs increases their contribution to NTE. This result shows that on compression the NTE 
should get stronger due to an increased contribution from RUMs. This pressure-induced 
increase in NTE magnitude is seen up until any pressure-induced phase transitions or 
amorphization. This vibrational analysis agrees with the thermodynamic analysis described 
earlier.  
1.3.5 Pressure-Induced Amorphization 
Another behavior seen in framework materials on compression is pressure-induced 
amorphization (PIA). This phenomenon is described as the transition from a crystalline 
material to an amorphous solid on compression. It is much more common to find materials 
that exhibit PIA than ones with PIS. The phonon modes that contribute to NTE in 
framework materials soften on compression. As a result, the frequency of these low energy 
modes will drop to zero on modest compression. When a phonon frequency becomes zero 
then the vibration turns into a static distortion, resulting in a structural phase transition. 
This phase transition can be to a disordered or amorphous structure. The presence of PIA 
at modest pressures in NTE materials would be of interest due to the large impacts on the 
materials thermal expansion. If the amorphization is not reversible then the NTE behavior 






1.3.6 Open Framework Materials 
1.3.6.1 Zeolites and Aluminophosphates 
The structure and NTE behavior of zeolites and AlPOs are discussed in section 1.2.3.1. 
These types of materials have a very rich behavior on compression that has been studied 
far less than their thermal expansion.197-199 The insertion of guest molecules into the 
structure under pressure affects material’s behavior.200-202 The presence of sometimes 
reversible crystalline phase transitions and PIA have been seen in several zeolites.203-205 
The insertion of guest molecules, phase transitions, or amorphization would have a large 
effect on the thermal expansion of the material. Bulk moduli for zeolites have been 
determined in non-inserting pressure media for zeolite Na-A (K=22 GPa), Na-X (K=38 
GPa), heulandite (K=27.5 GPa), yugawaralite (K=34 GPa), bikitaite (K=45 GPa), natrolite 
(K=53 GPa), scolecite (K=61 GPa), and sil-FAU (K=38 GPa) among others.199,201,202,206 
Zeolites typically have bulk moduli in the range of 20-60 GPa, which is not remarkably 
soft or stiff. While not much experimental work has been done to identify PIS in zeolites, 
the original work by Fang and Dove predicting PIS conducted simulations calculating bulk 
modulus and PIS for cubic siliceous zeolites. Some of the strongest PIS results were for 
the NTE zeolites MEP (K=58 GPa, K’= -30), AST (K=16 GPa, K’= -28), and LTA (K= 
61.8 GPa, K’= -13).190  
1.3.6.2 Metal Cyanides 
The open framework structures of metal cyanides, section 1.2.3.2, were previously 
discussed. Similar to other framework materials, the open framework structure essential 
for NTE also makes them porous to guest molecules. Some Prussian blue type metal 
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cyanides have been shown to insert hydrogen under low pressures (< 1.18 atm).207 
Compression of the large NTE material Zn(CN)2 led to no structural transformation in the 
examined pressure range (0-0.6 GPa), and a bulk modulus of K= 34.19(21) GPa.208 The 
results also showed PIS not as large as the values projected for zeolites, but significant at 
K’= -6.0(7). This work also shows that the NTE is enhanced by increasing pressure, with 
the average CTE changing from αv= -17.40(18) ppm K
-1 at 0 GPa to αv= -18.39(27) ppm 
K-1 at 0.2 GPa to αv= -19.42(23) ppm K
-1 at 0.4 GPa.208 Further studies examined the 
temperature dependence of the elastic behavior of Zn(CN)2. This study revealed that the 
bulk modulus gradually increased on cooling, and the PIS became slightly more negative 
down to 100 K before increasing through zero at the lowest temperatures.209 On 
compression Ag3[Co(CN)6] showed a structural phase transition at the modest pressure of 
0.19 GPa, but still showed large anisotropic NTE. This material did not show PIS, but 
rather anisotropic compression with large compression in the a direction and expansion in 
the c direction.210 Negative linear compressibility has also been seen in KMn[Ag(CN)2]3 
and Zn[Au(CN)2]2 (also reported to have PIS with K’= -1.7) .
211,212 Metal cyanides  are 
typically soft; YFe(CN)6 (K=2.72 GPa), LuFe(CN)6 (K=2.6 GPa), Ag3[Co(CN)6] (K= 6.5 
GPa).210,213 
1.3.6.3 Metal-Organic Frameworks (MOFs) 
The porous structure of metal-organic frameworks, section 1.2.3.3, can take up guests on 
compression, which can have an effect on their elastic properties and structure.214,215 The 
open framework structure important for porosity and NTE can lead to phase transitions and 
PIA at low pressures. Phase transitions have been seen in several MOFs including 
[Zn2(C3H3N2)4]n (ZIF-zni) at 0.8 GPa, and a reversible guest driven transition in both Zn(2-
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MeIm)2 (ZIF-8) at 1.47 GPa and Zn(Im)2 (ZIF-4) at 0.56 GPa.
216-218 Amorphization occurs 
at just 0.0035 GPa in Zn4O(BDC)3 (MOF-5) with mechanical compression of solid pellet, 
at 0.34 GPa in Zn(2-MeIm)2 (ZIF-8) in nonpenetrating medium, and reversible PIA at 0.35-
0.98 GPa in nonpenetrating medium and at 2.02-6.48 GPa in penetrating medium for 
Zn(Im)2 (ZIF-4).
218-220 The presence of a solvent in the pores of a MOF clearly effects the 
phase behavior for ZIF-4 and ZIF-8. It is interesting to note that amorphization can increase 
absorption of guest molecules, and irreversible PIA can be used to trap harmful 
substances.221,222 The elastic properties of solvent free MOFs like ZIF-4 (K= 2.6 GPa), ZIF-
8 (K= 6.52 GPa), ZIF-zni (K ∼14 GPa), and Cu-btc (K= 29.5 GPa) indicate that these 
frameworks can be very soft.216,218,220,223 The presence of different guest molecules in 
MOFs changes the behavior. Guest molecule inclusion resulted in a higher bulk modulus 
for ZIF-4 (K= 7.7 GPa) and a very hard (K= 117.6 GPa) region followed by softer (K= 
25.9 GPa) regions for Cu-btc in isopropyl alcohol.218,223 Pressure-induced softening has not 
reported for many MOFs. However ZIF-8 in nonpenetrating solvent, where K= 6.52 GPa, 
showed PIS with a K’= -4.6(14).220 
1.3.6.4 Metal Oxides 
Framework metal oxides have been more thoroughly studied than other NTE materials, 
possibly due to fewer instances of the pressure transmitting media inserting into the sample. 
The large NTE material, section 1.2.3.4, ZrW2O8 has been shown to undergo an reversible 
phase transition above 0.2 GPa, and a gradual PIA between 1.5 and 3.5 GPa.224-226 Other 
AM2O8 materials have shown similar behavior, with HfW2O8 undergoing an irreversible 
phase transition to an orthorhombic phase at 0.62 GPa and PIA at ∼2 to 3 GPa, and  cubic 
ZrMo2O8 and HfMo2O8 both undergoing a reversible phase transition from 0.7-2.0 GPa 
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and PIA at 1.5-4.0 GPa and above 4.0 GPa, respectively.226-232 The high-pressure behavior 
of a few NTE materials from the AM2O7 family all showed similar trends. Two reversible 
symmetry lowering phase transitions are seen in CeP2O7 one at 0.65 GPa and the other 
above 5.0 GPa.104 A reversible crystalline phase transition at 1.6 GPa and 3.7 GPa for 
ZrV2O7 and HfV2O7, respectively. This is followed by irreversible PIA above 4 GPa for 
both, with the amorphization of the Hf analog being gradual.233,234 The A2M3O12 family, 
again, generally shows crystalline-to-crystalline phase transitions on compression at 
modest pressures, and PIA on further compression. An orthorhombic to monoclinic 
transition has been reported in Sc2W3O12 (0.25-0.30 GPa), Sc2Mo3O12 (0.25 GPa), 
Al2W3O12 (0.1 GPa), and Ga2Mo3O12 (3.2-4.1 GPa) .
235-239 A second crystalline phase 
transition was also seen for Sc2Mo3O12 occurring between 2.5 and 3.0 GPa, while PIA is 
observed in Sc2W3O12 (> 4 GPa), Sc2Mo3O12 (∼8 GPa), Al2W3O12 (∼7 GPa), Y2W3O12 (∼3 
GPa), Lu2W3O12 (5-8 GPa), and Ga2Mo3O12 (∼8 GPa).236-241 These NTE metal oxides can 
range from being as soft as MOFs or metal cyanides to having higher bulk moduli. Some 
examples of bulk moduli include ZrW2O8 (K=72.5 GPa), HfW2O8 (K= 82.0 GPa), ZrV2O7 
(17.0 GPa), HfV2O7 (K= 12.8 GPa), Sc2Mo3O12 (K=32 GPa), and Al2W3O12 (48 
GPa).227,233,234,237,242 A trend has also been seen that the bulk modulus of the high-pressure 
phases is softer, for example high-pressure monoclinic phase of Sc2Mo3O12 (K=16 GPa) 
and Al2W3O12 (K= 28 GPa) is softer than the low pressure phase.
237 While pressure-
induced softening has been seen in ZrW2O8 (no reported K’ value) no other NTE metal 





1.3.6.5 ReO3-type Metal Fluorides 
As previously discussed, section 1.2.4, the cubic ReO3-type structure can lead to large 
isotropic NTE, but metal fluorides often adopt a rhombohedral structure at ambient 
conditions or on cooling. There are only a few reports on metal fluorides at high pressures, 
and the only cubic ReO3-type fluorides studied are ScF3 and CaZrF6.
25,26,244-246 Work by 
Aleksdrov et al on ScF3 showed a crystalline phase transition from cubic to rhombohedral 
at ∼0.7 GPa.244,246 This transition is followed by another to an orthorhombic phase at ∼3.0 
GPa.245 An examination of ScF3’s pressure-temperature behavior revealed that the phase 
transition to rhombohedral was pushed to lower pressures at lower temperature, with the 
transition occurring at ∼0.15 GPa at 50 K.25 The bulk modulus of ScF3 was originally 
estimated to be ∼70 GPa, but was later calculated at 57 GPa and ∼60 GPa.25,155,245 The 
high-pressure rhombohedral phase is much softer with a bulk modulus of ∼9 GPa.247 The 
effects of chemical substitution on the compressibility of ScF3 has been studied in the 
systems Sc1–xYxF3 (x < 0.25) and Sc1−xAlxF3 (x < 0.5). The yttrium doped materials showed 
a decrease in bulk modulus with increased substitution, with a K= ∼34 GPa for x=0.25, 
and the bulk moduli of the substituted samples increased on heating.157 The aluminum 
substituted materials showed very similar trends bulk moduli, however the x > 0.2 samples 
adopted a rhombohedral phase at room temperature, and showed lower bulk moduli, with 
K between 10 and 20 GPa.159 Interestingly again no PIS was seen in any studies of ScF3 or 
the substituted materials. Studies by Jorgensen et al explored the compressibility of CrF3 
and FeF3 both of which are rhombohedral at ambient conditions. They both showed no 
phase transitions up to the highest measured pressures (8-9 GPa). However, their octahedra 
distorted on compression. This strain resulted in negative linear compressibility along the 
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unique c direction. The elastic behavior was characterized as K0= 29.2 GPa and K0’= 10.3 
for CrF3 and K0= 14 GPa and K0’= 12.
248,249 Prior to the current work, the only other known 
cubic NTE metal fluoride studied under pressure was CaZrF6.
26 This material undergoes a 
phase transition at 0.4 GPa that irreversibly leads to a disordered, possibly amorphous, 
material. The cubic material is soft and displays PIS with K= 39.2 GPa and K’= -13. The 
magnitude of its NTE increased on compression with αL(298–514K) changing from -9.2 ppm 
K-1 at 0.05 GPa to -9.9 ppm K-1 at 0.31 GPa.26 The behavior of the fluoride excess ReO3-
type material YbZrF7 on compression has also been reported. This material is believed to 
compensate for the aliovalent substitution of Yb3+ into the M2+M4+F6 parent structure 
through interstitial fluoride, which generates edge-sharing polyhedra defects. This material 
shows a very abrupt amorphization at 0.95 GPa, and has K0= 55.4 GPa, with large PIS, 
K0
’= -27.7.178 
1.4 Porous Materials and Their Response to Pressure 
The types of materials discussed in this work are open framework solids. The empty space 
or porosity of zeolites, metal cyanides, MOFs, metal oxides, and metal fluorides 
contributes to the presence of the low-energy transverse vibrations, which produce the 
previously discussed NTE, see section 1.2.2.4. The porous nature of these materials can 
and has been shown to lead to insertion of guest molecules into the framework cavities on 
compression, section 1.3. As the NTE materials discussed in this work can be considered 
porous, it is important to establish the significance and applications of porous materials, as 
well as what is already known about porous solids. A porous solid is defined as a material 
with accessible pores (cavities, voids, channels, or interstices) which can be permeable to 
liquids or gases. These solids can be classified based on pore size as either microporous (< 
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2nm), mesoporous (2-50 nm), or macroporous (> 50 nm).250 These types of materials are 
found naturally and have been man-made for industrial or scientific purposes.251,252 
1.4.1 Significance and Applications 
Porous solids uniquely show interaction with atoms, molecules, and ions in the bulk of the 
material, not just the external surface. This makes porous materials of scientific importance 
and useful in several types of application. The uptake of guest atoms, molecules, or ions 
can be used for catalysis, ion exchange, separations, and storage. There are many reviews 
that address these applications, and specific examples for separations, trapping, and storage 
will be discussed below.250-254  Some specific applications of porous solids include: 
methane or hydrogen storage for use as alternatives to petroleum, olefin separation, 
pressure swing adsorption air separations, drying or CO2 removal from natural gas, sulfur 
removal from petroleum gas, hydrocarbon  conversion catalysis, removal of Cs+ and Sr2+, 
and removal of NH4
+ from waste water.252 The size, shape, and volume of pores in a solid 
can vary, and these properties along with their uniformity can impact the behavior and 
usefulness in certain applications. The chemical framework that creates the pores can also 
affect the properties and applications of these materials.  
1.4.2 Industrial Materials 
One of the major areas of research for porous materials since the mid-20th century has been 
as absorbents, which can store, trap, or separate gases or liquids. These materials are 
sometimes referred to as molecular sieves, which can be defined as a porous solid material 
which exhibits the property of acting as a sieves on a molecular scale.255 Early technology 
relied on materials like activated carbons, clays, and alumina. These materials were not 
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ordered and therefore had nonuniform pore size that cause performance to suffer. Zeolites 
were explored as an emerging class of materials for use as molecular sieves, due to their 
uniform pore size that could be changed with change in crystal structure. There are many 
naturally occurring zeolite minerals which will be discussed in a later section, and work by 
Breck in 1974 thoroughly discusses the early work on zeolites as molecular sieves.251 
Notably the first industrial work can be seen in 1948 by Union Carbide Corporation in 
which they show the first controlled production of a synthetic zeolite molecular sieve in a 
series of patents.256,257 This lead to the development and testing of many zeolites for 
adsorption. It was shown that silicalite selectively adsorbs organic molecules out of 
water.258 After the work by Milton, zeolite types A, X, and Y have been the most used for 
industrial gas separations.259 Breck and coworkers were able to characterize the properties 
including gas adsorption of some type A zeolites.260 Another study also showed zeolites 
3A, 4A, 5A, and 13X to adsorb several different gasses at modest pressures.261 The 
previously mentioned work by Breck also showed that temperature could also be used to 
regulate access to pores, through variable temperature adsorption of argon and nitrogen gas 
in zeolite 4A.260 This showed the accessibilities of the micropores can be regulated with 
stimuli like heat or light, not just pressure. This behavior can be manipulated to trap guest 
species in the solid for storage. Again, this was first put into practice by Union Carbide 
Corporation in a patent showing encapsulation of several gases in zeolite A.262  This is of 
potential importance for applications like natural gas or hydrogen storage. Indeed, 
hydrogen was shown to be trapped in A type zeolites by Faenkel in the 1980’s.263 The 
smaller pores of many microporous materials like zeolites and AlPOs limited their use in 
practical applications. AlPO VPI-5 was reported as the first crystalline microporous 
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material with uniform pores larger than 1.0 nm.264 However the relatively poor thermal 
stability of VPI-5, and AlPOs in general, limits their applications. This has led to the 
exploration of mesoporous materials, including many MOFs, for possible adsorbent 
applications. These materials don’t always maintain permanent porosity and can undergo 
structural rearrangements or amorphization upon guest removal or exchange. MOFs like 
MOF-5 and MOF-15 have been prepared and shown to exhibit permanent porosity.265,266 
MOFs have been shown to be take up methane in large amounts at relatively low 
pressures.265,267 Similar to other porous solids the porosity can be manipulated with 
temperature to trap gases, and recently the MOF MFU-4 was reported as having large 
storage capacity for xenon.268 A comprehensive report of the gas absorption properties of 
MOFs and their selectivity for separations can be found in a review.269 This area of research 
continues to grow, as more porous solids are characterized for testing in different 
applications. 
1.4.3 Environmental Examples 
As discussed previously, zeolites were very important to the early development of solids 
for molecular sieves and gas storage. While many synthetic materials were made for 
industrial applications, there are naturally occurring porous materials that have also been 
studied. There are many naturally occurring zeolite minerals that can be found in rocks or 
sedimentary deposits, and are sometimes found as single crystals a few millimeters in 
size.251 The first experimental observations of gas absorption in zeolites were on naturally 
occurring zeolite minerals. One of the first being by Grandjean in 1909, which showed 
chabazite absorbs ammonia, air, hydrogen, carbon disulfide, hydrogen sulfide, iodine, and 
bromine.270 The first definitive separation with zeolites was done with dehydrated zeolite 
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minerals like chabazite, gmelinite, mordenite etc. by Barrer beginning in the 1940’s.271,272 
Natural zeolites began to be used for applications like drying natural gas, purifying waste 
water, soil amendment, and cement manufacturing.252,273,274 
1.4.4 Helium Containing Compounds and Helium Gas Uptake 
Of specific relevance to this thesis work are solids known to absorb or include helium. 
Helium and the other noble gases have a stable closed shell electron configuration, and 
therefore are very unreactive. Some noble gases like xenon and krypton were predicted to 
and eventually shown to react and form noble gas compounds.275-278 Helium however is 
the most inert of the noble gases, and does not form compounds similar to those of Xe and 
Kr. There were early theoretical predictions for the existence of helium containing 
compounds, like HHeF.279-281 However, this molecule, (HeO)(CsF), and the experimentally 
formed LiHe were metastable and very high in energy.282,283 The real breakthrough in 
producing any stable helium compounds came from the use of high pressure. It has been 
known that high pressure can alter the chemical properties and reactivity of elements, and 
this was utilized to identify several theoretical and experimental noble gas compounds.284-
288 A few theoretical calculations showed helium can react with several ionic alkali oxide 
or sulfide compounds as well as form compounds with water at high pressures.289,290 The 
first helium clathrate was formed from compression of helium in ice II at pressures just 
above 0.28 GPa.291 It was recently shown that in water at 300 GPa helium forms He@H2O, 
and that Ne(He)2 forms in He-Ne gas mix above 13.7 GPa.
290,292 However, these are van 
der Waals compounds. Dong and co-workers were able to predict and experimentally 
verify a cubic phase Na2He material.
293 This compound is stable from 113 GPa up to at 
least 1,000 GPa, and the compound Na2HeO is also predicted to be thermodynamically 
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stable. Interestingly it is reported that in these compounds some of the electrons detach 
from the sodium and localize at the interstitial sites, where they behave like anions. This 
behavior makes these materials high-pressure electrides, however the origin of the stability 
in these and other helium compounds is not well understood.294 More recently a 
computational study looked at the reaction of helium with ionic compounds containing 
unequal numbers of cations and anions. It showed that in the previous Na examples and in 
other systems predicted to form helium compounds at high pressures, the helium insertion 
lowers the strong repulsive Coulomb interactions allowing the formation of the 
compounds.295 Even with the recent work in this field, helium containing compounds are 
quite rare. The ability to trap helium in porous materials to create helium insertion materials 
could be utilized to create new compounds. Helium has been purified at low temperatures 
through absorption in activated carbons and charcoal.296,297 Helium has been shown to 
absorb in several zeolites.261 Helium has also been shown to penetrate typically nonporous 
materials on compression, including C60, arsenolite, cristobalite, silica glass, and 
melanophlogite.298-304 However, absorbing helium into a structure then trapping the helium 
in the structure has not been well explored. 
1.5 Perovskites 
Perovskites have been studied for many decades. A material is considered to be a 
perovskite when it adopts the same crystal structure as CaTiO3, which is the perovskite 
mineral. The basic structure for a cubic perovskite is shown in Figure 1.15 and consist of 
a repeating ABX3 unit. The B cation has 6-fold coordination with the X anions, and these 
octahedra are corner linked. The empty cavity between the BX3 units is occupied by the A 
cation with 12-fold coordination. The A cation is commonly a large cation from group I or 
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II like Na, Ba, or Cs, but small organic ions like methylammonium (CH3NH4 
+) have also 
been utilized. The B site can be occupied by metals from almost any region of the periodic 
table, with even Xe containing perovskites forming.305 The X site most commonly contains 
oxide or a halide. The large amount of compositional flexibly in this basic perovskite 
structure, has led to the formation of thousands of different perovskites. Perovskites have 
been identified with many different A,B, and X atoms or molecules, vacancies, 
stoichiometries, and crystal structures.306   
 
Figure 1.15: Cubic structure of SrTiO3 a perovskite with ABX3 formula. 
1.5.1 Significance and Applications 
The large compositional flexibility of perovskites has led to several interesting properties, 
and the exploration of perovskites for many types of applications. Early on Perovskites 
drew interest due to their stability and electrical properties.307-310 Many oxide perovskites 
have been studied for use in catalysis due to their thermal stability and the ability to enhance 
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their surface area and properties.309-312 Perovskites have been shown to display the 
piezoelectric effect, colossal magnetoresistance, superconductivity, and 
ferroelectricity.309,310,313-317 These interesting properties have led to great strides in 
understanding perovskite materials. However, the behavior that has contributed the most 
to the study of perovskites in recent years has been their optoelectronic properties. Metal 
halide perovskites like CsPbX3 (X= Cl, Br, and I) were originally reported and studied for 
use in pigments due to their vibrant colors.318,319 These perovskites began to garner more 
attention for photovoltaic applications, when then first organic-inorganic halide 
perovskites (hybrid perovskites) that utilize a small organic cation like methylammonium 
(MA) were synthesized.320 These types of materials were then shown to feature strong 
excitonic characteristics, and were explored for applications in thin film transistors and 
light-emitting diodes.321 It became apparent that the extremely high optical absorption 
among other physical properties would lend itself to photovoltaics. In the beginning 
perovskites like CH3NH3PbX3 were utilized in dye-sensitized solar cells with modest 
power conversion efficiencies from 2-7%.322,323 Then with the use of a solid electrolyte and 
fine tuning of other solar cell components led to efficiencies above 10%.324,325 Eventually 
it was shown that the band gap of these hybrid perovskites could also be adjusted to 
optimize their optoelectrical properties.326 These early results led to a very large increase 
in the research done on perovskites as thin absorbers for solar cells, and the CH3NH3PbX3 
system was optimized up to an efficiency of 20.1% in just five years. This meteoric rise of 
efficiency in perovskite solar cells put these materials on the cutting-edge of 
optoelectronics research and has only attracted even more interest from scientist across 
multiple disciplines. These materials and devices have been heavily scrutinized from a 
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fundamental and applications standpoints in recent years, and much of this expansive work 
can be found in several reviews of the topic.310,327-331 The wide array of interesting 
properties and applications, led by their photo absorption, continue to make perovskites of 
very high interest to the materials community. The development of new materials, deeper 
understanding of their properties, and development of design principles are important in 
continuing the large impact of perovskites. 
1.6 Summary and Thesis Goals 
Negative thermal expansion is a phenomenon where materials contract on heating and 
expand on cooling (section 1.2). NTE materials are important in a variety of applications, 
including in composites where they can be used to offset the PTE of another component 
(section 1.2.1). The mechanisms generating NTE in several different types of materials are 
well known (section 1.2.2). However, greater understanding of NTE will enhance our 
ability to control thermal expansion in materials. The ability to tailor thermal expansion 
would allow for the design of materials with an expansion match to avoid interface stresses. 
Generating close to zero thermal expansion in a material would provide dimensional 
stability and thermal shock resistance. The rarity of NTE materials and their potential for 
applications make identifying and characterizing the behavior of new NTE materials a goal 
of this thesis work. 
While phase transitions can lead to NTE, the transition, and the resulting NTE, commonly 
occurs over a narrow temperature range (section 1.2.2). In contrast to this, NTE in open 
framework materials often extends over wide temperature range (section 1.2.3). Their NTE 
arises from the population of low energy vibrational modes on heating, which reduce the 
 
 53 
volume of the material (section 1.2.2.4). In this thesis, the effects of chemical substitution, 
crystal structure, pressure, and temperature on NTE are explored. Materials with simple 
frameworks, amenable to generating the desired vibrational NTE, were chosen for study to 
simplify the interpretation of the relationships between composition, structure, sample 
environment and thermal expansion. Several metal fluorides adopt a cubic ReO3-type 
structure, consisting of metal centered octahedra corner-linked by fluorides, and this 
framework structure can support vibrational NTE (section 1.2.4). The first and only metal 
trifluoride shown to display large isotropic NTE over a wide temperature range was ScF3 
(section 1.2.4.2). Many other metal trifluorides do not maintain the cubic ReO3-type 
structure on cooling and show PTE. Replacing the M3+ metal by M2+ and M4+ can lead to 
mixed metal ReO3-type fluorides (section 1.2.4.3). Immediately prior to the reported thesis 
work, cubic CaZrF6 was shown to display large isotropic NTE over a wide temperature 
range. The M2+M4+F6 family of materials was targeted for exploration due to both the 
properties of CaZrF6 and the compositional flexibly available in this system. Several 
M2+M4+F6 materials were known to adopt the cubic ReO3-type structure at room 
temperature, but their thermal expansion behavior was unexplored. These materials 
combined, with other compositionally relevant materials, were targeted to explore the 
relationship between chemical composition and thermal expansion. To further investigate 
the control of thermal expansion in these materials, non-stoichiometric fluoride excess 
materials were examined. These materials must maintain charge balance while 
incorporating fluoride in excess of that required by a defect free ReO3-type structure. 
Changes in local structure to accommodate the excess fluoride will influence thermal 
expansion (section 1.2.4.4). However, very little was known about the structure and 
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thermal expansion of these fluoride excess materials, and new insight could assist in 
developing design principles for controlling the thermal expansion of NTE framework 
materials. 
The use of NTE materials in a variety of potential applications can be associated with 
thermal expansion mismatch issues. Even in controlled thermal expansion composites, 
where the composite may have low or close to ZTE, there can be considerable thermal 
expansion mismatch between the NTE and PTE components. Thermal expansion mismatch 
can lead to stresses at the interface between the materials (1.3.1). Therefore, it is important 
to understand a material’s response to stress along with their expansion characteristics. A 
goal of this thesis work was to better understand the response to hydrostatic stress of the 
ReO3-type metal fluorides discussed previously, through variable pressure experiments. 
While the high-pressure behavior of other NTE materials, including several metal 
trifluorides and CaZrF6, has been reported, very little was known about the response to 
pressure of M2+M4+F6 materials (section 1.3.6). To address this goal, identification of any 
crystalline to crystalline phase transitions or amorphization on compression and the 
characterization of elastic properties, such as bulk moduli (K), in these metal fluorides was 
necessary. This work will lead to a better understanding of how chemical composition 
relates to the properties of these metal fluorides and the problems that can be encountered 
in applications.  While exotic behavior, such as pressure-induced softening, has been 
predicted to occur in framework NTE materials, very few materials have been 
experimentally examined (section 1.3.5 and 1.3.6). Therefore, determining the pressure 
derivative of the bulk modulus was undertaken to look for and characterize pressure-
induced softening in mixed metal fluorides.  
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While many framework NTE materials such as zeolites and MOFs are known to be porous 
and have been studied for gas absorption on compression, metal fluoride NTE materials of 
the type studied in this thesis were generally considered as nonporous (section 1.4). 
However, their porosity had not been investigated. Additionally, the cubic ReO3-type metal 
fluorides studied in this thesis have a pseudo-perovskite structure, with an empty “A-site” 
cavity between the corner-sharing octahedra. Insertion of a guest species into this pore 
generates a material with a perovskite structure. Perovskite materials often have interesting 
properties and are of great technological importance (section 1.5). In this thesis, the 





CHAPTER 2. COMPOSITION, RESPONSE TO PRESSURE, AND 
NEGATIVE THERMAL EXPANSION IN MIIBIVF6 (M = Ca, Mg; B 
= Zr, Nb)1 
2.1 Introduction 
 While most materials expand on heating, a growing number are known to 
contract.30-32,332 Such negative thermal expansion (NTE) can, in principle, be used to 
compensate for the response of positive thermal expansion (PTE) solids, either by 
preparing composites of the PTE and NTE materials or by assembling devices containing 
parts made from separate NTE and PTE components. There is a significant body of work 
examining the fabrication and performance of metal matrix-ceramic composites, polymer 
ceramic composites, and ceramic-ceramic composites containing NTE materials for 
various applications.36,38,39,333-335 When NTE and PTE solids are used together in a 
composite, there can be considerable stresses within the composite due to differential 
thermal expansion. These stresses can lead to phase transitions and other unwanted 
phenomena,187,336 as open framework NTE solids typically display quite rich behavior at 
low pressure.26,225,226,236,337,338 
The mechanisms and compositions associated with NTE materials are varied.  In 
open framework oxides, fluorides, cyanides, and MOFs, low frequency phonons can give 
                                                 
1 Published in Chem. Mater., 2017, 29(2), pp 823-831 
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rise to NTE and other unusual phenomena, such as pressure-induced softening.337  NTE 
can also be associated with structural phase transitions,53 charge transfer,45 ferroelectric 
instabilities,339,340 and magnetic ordering effects.48 It has also been reported in 2D materials 
such as graphene.341  
While much of the earlier work on NTE solids focused on oxides, metal fluorides 
with ReO3-type structures have recently attracted attention.
25,26,152,153,155,157,159,342-344 
Materials such as ScF3
25 and CaZrF6
26 combine strong or very strong isotropic negative 
thermal expansion with optical transparency ranging from the mid-IR into the UV, 
suggesting optical applications. For some applications, less extreme NTE is desirable. 
There has been some success in tuning the characteristics of ScF3 by solid solution 
formation155-157,159,342 and nanosizing,345 and very recently a suite of MZrF6 compositions 
(M – Ca, Mn, Fe, Co, Ni and Zn)344 have been examined in order to better understand the 
extent to which the very strong NTE found in CaZrF6, and its close relative CaHfF6, can 
be tailored. The remarkable NTE of both ScF3 and CaZrF6 is associated with the stability 
of the ideal cubic ReO3 structure towards symmetry lowering phase transitions when 
cooled to very low temperatures. This has been attributed to the high ionicity of these 
compounds.25,26 To the extent that information is available, MF3 and M
IIBIVF6 with ReO3-
type connectivity and symmetries lower than that of the ideal cubic structure (Pm3̅m and 
Fm3̅m) at close to room temperature do not show strong NTE.  
The literature on ReO3-type M
IIBIVF6 indicates that mid and late 3d metals on the M 
–site, such as Fe, Co, Ni and Zn destabilize the cubic structure and, hence, are likely to 
preclude strong NTE.170,346 Phase transition temperatures have been reported to range from 




26,171 a very recent paper on thermal expansion in MZrF6 reports no phase 
transitions for the Co and Ni materials above 125 K.344  In this paper, we examine how the 
replacement of Ca2+ and Zr4+ by Mg2+ and Nb4+, effects the thermal expansion and behavior 
under pressure of ReO3-type M
IIBIVF6. Variable-temperature neutron and/or synchrotron 
x-ray diffraction were employed to study the phase behavior and thermal expansion of 
MgZrF6, CaNbF6, and MgNbF6, and high-pressure synchrotron x-ray powder diffraction 
was used to examine the behavior of MgZrF6 and CaNbF6. 
2.2 Experimental 
2.2.1 Synthesis 
All syntheses were carried out in a dry, nitrogen-filled glove-box. NbF5 (99.5%) was 
purchased from STREM Chemicals, ZrF4 (99.9%) from Sigma Aldrich, and niobium metal 
powder (99.99% with < 500 ppm Ta), CaF2 (99.5%) and MgF2 (99.9% optical grade) from 
Alfa Aesar. As several different batches of material were used for the reported 
measurements on CaNbF6 and MgZrF6, we report representative syntheses for these 
materials.  
NbF4 was prepared via the solid state reaction of NbF5 and niobium metal using a procedure 
similar to that reported by Chassaing et al.347 The reactants were mixed in a 5:1 molar ratio 
and then placed into a copper tube, which was sealed by arc-welding under argon. The 
copper tube was then sealed in an evacuated fused quartz ampule. The ampule was heated 
to 300 °C (heating rate: 0.19 °C/min), held at 300 °C for 96 hrs, and then quenched. The 
excess NbF5 was removed from the resulting mixture by vacuum sublimation. The resulting 
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NbF4 was a black hygroscopic powder. Note that NbF4 is reported to disproportionate at 
greater than 350 °C.348 
CaNbF6 and MgNbF6 were prepared via the solid state reaction of NbF4 and MF2 (M= Ca, 
Mg), using a procedure based on that reported by Goubard et al.349 The reactants were 
mixed in a 1:1 molar ratio and placed into a copper tube, which was then sealed via arc-
welding under argon. The copper tube was then sealed in an evacuated fused quartz ampule. 
The ampule was heated to 520 °C (heating rate: 4.13 °/min), held at 520 °C for 5 days, and 
slowly cooled to room temperature. The final CaNbF6 and MgNbF6 products were grey 
and black powders respectively. 
MgZrF6 was prepared via the solid-state reaction of ZrF4 and MgF2. The reactants were 
mixed in a 1:1 molar ratio and placed into a copper tube, which was then sealed via arc-
welding under an argon atmosphere. The copper tube was then sealed in an evacuated fused 
quartz ampule. The ampule was heated to 850 °C (heating rate: 4.13 °/min), held at 850 °C 
for 24 hrs, and then slowly cooled to room temperature. The final MgZrF6 product was a 
white powder. 
Sample syntheses for the x-ray measurements were performed typically on a ∼500 mg 
scale. However, sample preparation for the CaNbF6 neutron measurements was performed 
on a ∼4 g scale. 
The starting materials NbF5 and ZrF4 are moisture sensitive and the products CaNbF6, 
MgNbF6 and MgZrF6 are expected to show some sensitivity to atmospheric exposure. After 
storage for several months, CaNbF6 samples showed signs of decomposition, but exposure 
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to the laboratory atmosphere for several hours led to little change in the powder x-ray 
diffraction patterns for MgNbF6 and MgZrF6. 
2.2.2 Variable Temperature X-ray Powder Diffraction Measurements 
X-ray powder diffraction data were recorded using an Oxford Cryosystems Cryostream 
(100 – 500 K), for samples of CaNbF6, MgZrF6 and MgNbF6. Data were also recorded 
using a resistively heated furnace (300 – ∼1000 K). These measurements were performed 
at the 17-BM beamline of the Advanced Photon Source, Argonne National Laboratory, 
using precisely determined wavelengths close to 0.73 Å. The low temperature 
measurements were performed using samples that were sealed using epoxy in Kapton 
capillary tubes under an inert gas atmosphere. For the furnace measurements, the samples 
were contained in fused quartz capillaries with helium gas flowing very slowly though 
them. 
Additionally, low temperature high resolution synchrotron powder diffraction data were 
recorded for a sample of MgZrF6 at beam line 11-BM of the Advanced Photon 
Source,350,351 using an Oxford Instruments closed-flow helium cryostat (OptistatCF). An 
average wavelength of 0.41421 Å was used for these measurements. 
For each of the above measurements, < 100 mg of material was needed as small diameter 
(∼1 mm or less) capillaries were used. 
2.2.3 Neutron Powder Diffraction Measurements  
Neutron diffraction measurements were made using the PAC (POWGEN Auto-Changer) 
sample environment on the POWGEN beam line at the Spallation Neutron Source, Oak 
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Ridge National Laboratory. A CaNbF6 sample was loaded into a vanadium can under 
helium. The sample was cooled to 10 K and heated in steps to 300 K with 3-minute 
equilibration times at each temperature prior to recording a diffraction pattern. 
2.2.4 High-Pressure X-ray Diffraction Measurements 
High-pressure x-ray powder diffraction data (298 K and P < ∼8.6 GPa) were recorded for 
samples of CaNbF6 and MgZrF6 at beam line 17-BM of the Advanced Photon Source using 
an EasyLab “Diacell Bragg-(G)” diaphragm diamond anvil cell (DAC) while the pressure 
was continuously increased. The sample was loaded under inert atmosphere with either 
NaCl or CaF2 as an internal pressure calibrant and an Alfa silicone oil (molecular weight 
of 237 g·mol−1) as the pressure-transmitting fluid.  Pressure was determined using the unit 
cell volumes of the NaCl or CaF2, along with their known equations of state (Birch EoS 
for NaCl189 and the EoS reported by Angel et al.352 for CaF2). 
High-pressure x-ray diffraction data (P < 310 MPa, 298 K < T < 523 K) were also recorded 
for MgZrF6 at the 11-ID-B beam-line of the Advanced Photon Source using a heated 
titanium pressure vessel and Background Reducing Internal Mask (BRIM)353 as previously 
described.155 This arrangement allows for precise control of both temperature and pressure. 
2.2.5 Rietveld Analysis of the Powder Diffraction Data 
Rietveld refinements were used to determine structural parameters and lattice constants. 
All the fits were done using the General Structure Analysis System (GSAS)354 along with 





2.3 Results and Discussion 
2.3.1 Phase Behavior and Expansion as a Function of Temperature 
All the materials under study were examined using variable temperature synchrotron 
powder diffraction over the temperature interval 100 – 500 K. Additionally, CaNbF6 was 
examined by powder neutron diffraction between 10 and 300 K and MgZrF6 was studied 
by high resolution synchrotron x-ray diffraction at down to 10 K. High temperature 
synchrotron powder diffraction experiments were performed for all the materials, but in 
some cases the data are only qualitatively useful due to difficulties with temperature 
control. 
2.3.1.1 Behavior of CaNbF6 from 10 to 900 K 
Powder x-ray and neutron diffraction show that CaNbF6 remains cubic and displays 
negative thermal expansion over the entire temperature range studied. The 10 K neutron 
powder diffraction pattern is fully consistent with rock salt like cation ordering in a cubic 




Figure 2.1: Rietveld fit to a 10 K time-of-flight powder neutron diffraction pattern for 
CaNbF6 using a cation ordered cubic ReO3-type model. 
The lattice constants and derived thermal expansion coefficients from the neutron 
diffraction data (Figure 2.2) show strong NTE, very similar to that previously seen for 
CaZrF6, but with greater magnitude; v ∼-65 ppm K-1 at ∼70 K for CaNbF6 compared to 
v ∼-56 ppm K-1 at ∼75 K for CaZrF6.  
 
Figure 2.2: Unit cell volume and volume thermal expansion coefficient for CaNbF6 
determined from the powder neutron diffraction data. A six-term polynomial fit to the 
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volume (dashed line) was used to calculate the expansion coefficient (solid orange line). 
Additionally, the expansion coefficient was determined point by point (purple symbols). 
The magnitude of the NTE generally decreases on heating (Figure A.1), but it persists to 
above the temperature used to synthesize the material (∼800 K), even after the sample 
begins to decompose. The high temperature diffraction data for CaNbF6 (Figure A.2 and 
Figure A.3) suggest that the initial decomposition products are CaF2 and a ReO3-type 
phase, which may be a niobium oxyfluoride. As NbF4 is known to disproportionate at high 
temperatures,347,348 and NbF5 reacts with SiO2,
356 the oxyfluoride could arise from reaction 
with the fused quartz capillary tube used to contain the sample. 
 
Figure 2.3: Atomic displacement parameters for CaNbF6 determined from the Rietveld 
analyses of the neutron diffraction data. 
The atomic displacement parameters (ADPs) obtained by Rietveld analysis of the neutron 
diffraction data (Figure 2.3) are consistent with the expected rigid unit mode (RUM) like 
mechanism for NTE in this material. The transverse component of the ADP for the fluoride 
is much bigger than the longitudinal one and it increases rapidly with temperature. The 
large value for U22(F) at very low temperatures, similar to that found in CaZrF6, is 
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indicative of large amplitude zero-point motion associated with a wide-bottomed potential 
for distortions involving the displacement of fluoride in this direction. 
 
Figure 2.4: a) Apparent (crystallographic) Ca-F and Nb-F bond lengths, obtained from 
Rietveld analyses of the neutron diffraction data for CaNbF6, as a function of temperature. 
b) Schematic showing how the transverse vibrational motion of fluoride (red/pink) couples to 
the motion the metals (blue) leading to an apparent decrease in crystallographic bond length 
when there is little, or no, increase in the true M-F distances. 
Both the crystallographic (apparent) Ca-F and Nb-F bond lengths decrease as the sample 
is heated from 10 to 300 K (Figure 2.4a). These decreases, which are not constant with 
temperature or equal for the two different crystallographic bond lengths, arise from the 
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combination of an increase in the true bond lengths and an increase in the average 
displacement of the fluorine perpendicular to the Ca-Nb direction as the material is heated. 
The later contributes to a decrease in the crystallographic (apparent) bond lengths, as 
crystallography determines the distances between the average atomic positions, and the 
former partially counteracts this (Figure 2.4b). The inequivalent behavior of the Ca-F and 
Nb-F distances suggests a greater increase in the true Ca-F distance than the true Nb-F 
distance as the material is heated. 
2.3.1.2 Behavior of MgNbF6 from 100 to 900 K 
Powder x-ray diffraction data for MgNbF6 clearly show a structural phase transition from 
cubic (Fm3̅m) to lower symmetry on cooling below ∼280 K (Figure 2.5a). The diffraction 
data show evidence for phase coexistence over a narrow temperature range, suggesting that 
the transition is first order. The data for the low temperature phase could be fit using a 
cation ordered ReO3-type model with R3̅ symmetry similar to that previously reported for 
CoZrF6,
171 although there was clear evidence of some scattering between the newly split 
Bragg peaks (Figure 2.5b). Scattering of this type is quite often seen below ferroelastic 
phase transitions and can be attributed to strains associated with domain boundaries in the 




Figure 2.5: a) Synchrotron x-ray data for MgNbF6 showing an apparently discontinuous 
phase transition at ∼281 K. The individual diffraction patterns were recorded at 3 K intervals 
after equilibrating the sample. b) Data (100 K) for the low symmetry phase could be fit with 
a R?̅? model. The fit quality suggests a significant contribution to the scattering from strained 
material in domain walls, which is not accounted for by the crystallographic model. The 
second phase (black tag marks) is unreacted MgF2 (∼2 wt %). 
The phase transition is associated with a large increase in unit cell volume per formula unit 
(Figure 2.6a) on heating and a decrease in the magnitude of the volume CTE (Figure 2.6b) 
after the transition. However, the CTE remains positive, even in the cubic phase, until the 
decomposition of the sample ∼950 K (Figure A.4), which probably arose from failure of 




Figure 2.6: a) The volume per formula unit and b) volume thermal expansion coefficient for 
MgNbF6 determined from powder x-ray diffraction data. The values were obtained from 
single phase Rietveld fits with a change from cubic to rhombohedral models at ∼280 K. 
The thermal expansion of MgNbF6 in the R3̅ phase is highly anisotropic (Figure A.5). The 
material displays very strong positive thermal expansion in the a – b plain (a(200-250 K) ∼120 
ppm K-1), which lies perpendicular to the 3-fold axis that the MF6 octahedra are rotating 
around, and more modest negative thermal expansion parallel to the 3-fold axis (c(200-250 




2.3.1.3 Behavior of MgZrF6 from 10 to 900 K 
The response of MgZrF6 to changes in temperature was examined by low temperature high 
resolution synchrotron powder diffraction (10 – 150 K and 300 K), and synchrotron powder 
diffraction over the range 100 – 500 K and 300 – 900 K. The low temperature experiments 
showed clear evidence of a symmetry lowering phase transition in the vicinity of 100 K 
(Figure 2.7). Unlike the case of MgNbF6 shown in Figure 2.5, these data suggest a 
continuous, or almost continuous, phase transition. However, the precise transition 
temperature appeared to vary between experiments. While this may have a contribution 
from differences in thermometry between the measurements, it could also have a 
contribution from variations in stoichiometry between the different samples. MgZrF6 can 
readily accommodate excess zirconium fluoride,168 to form materials of the type Mg1-
xZr1+xF6+2x, and although our syntheses targeted perfect stoichiometry, some unreacted 
MgF2 (∼3.5 wt % in the sample used for the high resolution measurements) are apparent 
in the diffraction data.   
Rietveld analyses of the high-resolution x-ray data and the neutron data for the low 
temperature phase using an R3̅ model produced less than ideal fit quality. Notably, 
scattering is seen between the Bragg peaks expected for this symmetry, which is probably 




Figure 2.7: High resolution synchrotron powder x-ray diffraction data for MgZrF6 showing 
a symmetry lowering phase transition at ∼100 K, which appears to be continuous unlike that 
seen for MgNbF6 (see Figure 2.5a). 
Above the phase transition the data was fit with a cation ordered cubic ReO3-type model 
(Fm3̅m) (Figure A.6). The thermal expansion varied from modestly negative just above 
the transition, with a minimum v of ∼-12 ppm K-1 at ∼170 K, to modestly positive at high 
temperature, ∼15 ppm K-1 at ∼1000 K, crossing through zero at ∼500 K (Figure 2.8). 
Below the phase transition at ∼100 K, fits using a R3̅ model were performed. The quality 
of these fits was less than ideal, presumably due to stresses as domain boundaries (Figure 
A.7). The low temperature phase displays strongly positive volume thermal expansion 
(Figure 2.8a), but the expansion is highly anisotropic with NTE (c(30-80 K) ∼-14 ppm K-1),  
parallel to the 3-fold axis in the R3̅ model and very strong positive thermal expansion (a(30-




Figure 2.8: Volume per formula unit versus temperature and coefficient of thermal expansion 
for MgZrF6 measured by synchrotron powder diffraction using a) a helium cryostat, b) a 
cryostream cooler and c) a wire wound furnace. The volumes were fit to a polynomial (solid 
line through the data) which was differentiated to estimate the CTE. The purple/red points 
are CTE estimates obtained by taking the difference between unit cell volumes. In a) separate 
polynomials were fit to the low-temperature (R?̅?) and high-temperature (Fm?̅?m) phases. The 
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volumes shown in these panels have not been scaled to take into account calibration 
differences between the different experimental arrangements. 
2.3.2 Phase Behavior and Compressibility as a Function of Pressure 
The behavior of CaNbF6 on compression was examined using a DAC at pressures up to 8 
GPa using a low molecular weight silicone oil as the pressure medium. MgZrF6 was 
examined in the same way, however, additional measurements were performed for MgZrF6 
at pressures up to 300 MPa in the temperature range 300 – 525 K, using an oil-filled 
pressure cell.353 
2.3.2.1 Behavior of MgZrF6 on Compression 
Diffraction data for MgZrF6 as it is compressed in a DAC are shown in Figure 2.9a. These 
data indicate that at least two phase transitions occur below 8 GPa, with transitions at ∼0.37 




Figure 2.9: Diffraction data for MgZrF6 on compression in a DAC (* indicate peaks from the 
CaF2 pressure marker). a) 2D contour plot providing an overview of the phase behavior and 
b) a comparison of the ambient, 1.0 and 3.5 GPa data. 
The initial cubic (Fm3̅m) phase persists until ∼370 MPa. At this pressure, peak splitting 
consistent with a phase transition involving octahedral tilts while maintaining the 
connectivity and cation ordering of the original ReO3-type structure is observed. The data 
for this phase are broadly consistent with R3̅ symmetry. At ∼1.0 GPa, the patterns change 
quite abruptly, consistent with a reconstructive phase transition. The data show evidence 
for this new phase up until the highest pressures explored and on decompression of the 
DAC. However, the diffraction patterns for this new phase (Figure 2.9b), which show 
 
 74 
considerable broadening and peak overlap, could not be indexed. Interestingly, the 
strongest peaks from the new phase can be seen in the starting sample suggesting that the 
process of finely grinding the MgZrF6 prior to loading it into the DAC irreversibly 
transformed some of the initial cubic material to this high-pressure phase. 
 
Figure 2.10: Volume versus pressure, determined from the Rietveld analysis of the DAC data 
for the ambient pressure form of MgZrF6, along with a fit to a 3rd order Birch-Murnaghan 
equation of state (EoS). The best fit parameters for the EoS are given in the inset. 
The variation of unit cell volume with pressure for cubic MgZrF6 is shown in Figure 2.10, 
along with a best fit to a Birch-Murnaghan (BM) 3rd order equation of state (EoS), 
performed using EosFit7.358,359  This phase, with K0 48.2(5) GPa, is stiffer than CaZrF6 
(K0(298 K) ∼36 GPa)26 but softer than ScF3 (K0(298 K) ∼60 GPa).155 Remarkably, it shows a 
dramatic softening on compression prior to the phase transition at ∼350 MPa, with K0’, the 
pressure derivative of the bulk modulus, ∼-53(2). Pressure-induced softening has been 
observed in other NTE materials, such as Zn(CN)2,
208,209 and  predicted by Dove and 
coworkers to be a general characteristic of frameworks solids that display NTE.190,360,361 
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However, softening on compression is also well known to be a precursor of structural phase 
transitions.  
The behavior of cubic ReO3-type MgZrF6 was further investigated as a function of 
temperature and pressure using a heated oil-filled pressure cell that allows for the precise 
control of both temperature and pressure. A representative Rietveld fit and the lattice 
constants obtained from these data are available in Appendix A (Figure A.9 and Table S5). 
These lattice constants were analyzed using several different approaches. Bulk moduli as 
a function of temperature, derived from the lattice constants using straight lines fits of ln(V) 
versus P and the fit of a 2nd order BM EoS, are shown in Figure 2.11. 
 
Figure 2.11: Bulk moduli as a function of temperature for cubic MgZrF6, obtained by fitting 
a straight line to ln(V) versus P, and also a 2nd order Birch-Murnaghan equation of state. 
Both of these analyses give room temperature zero pressure bulk moduli slightly lower 
than those obtained when using a 3rd order BM EoS to analyze the data acquired using a 
DAC (Figure 2.10) and indicate that the phase stiffens on heating, which is contrary to the 
behavior of most materials and that previously observed for CaZrF6. We attribute the slight 
discrepancy between zero pressure bulk moduli to the different assumptions used for the 
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pressure derivative of the bulk modulus. In a simultaneous analysis of all the PVT data, 
obtained with a BRIM and heated pressure cell for cubic MgZrF6, using a 3
rd order BM 
EoS and the Berman model for temperature dependent thermal expansion in EOSFit7, the 
following parameters were obtained: K0(298 K) = 50.4(7) GPa, K’298K = -16(3), dK0/dT = 
0.015(2) GPaK-1, 0 = -0.81(3) x 10
-5 and L = 3.4(3). 
2.3.2.2 Behavior of CaNbF6 on Compression 
Two independent DAC diffraction experiments, with different sample to detector 
distances, were performed. As the behavior seen in these experiments was the same, only 
the results from one are presented. Diffraction data for CaNbF6 as it is compressed in a 
DAC are shown in Figure 2.12a. They indicate the onset of a reconstructive phase transition 
at ∼400 MPa and a quite abrupt amorphization at ∼4 GPa. This behavior contrasts with 
that seen for MgZrF6, where the material was unstable with respect to an octahedral phase 
transition on compression but is similar to that previously reported for CaZrF6. The 
diffraction data in Figure 2.12a and Figure 2.12b suggest that the initial sample contained 
traces of the high-pressure phase, presumably from grinding the sample prior to loading 
the DAC.  A 3rd order BM EoS was used to fit the V versus P values obtained by Rietveld 
analysis of the data for cubic ReO3-type CaNbF6, Figure 2.12c. With K0(298K) = 33.7(4) 
GPa, CaNbF6 is softer than MgZrF6 (K0(298K) = 48.2(5) GPa) and comparable to, although 
apparently slightly softer than CaZrF6 (K0(298K) ∼36 GPa). CaNbF6 displays quite large 




Figure 2.12: a) Diffraction data as a function of pressure for CaNbF6 on compression in a 
DAC (* indicate peaks from the NaCl pressure marker). b) Selected diffraction patterns. c) 
Volume versus pressure for the ambient pressure phase along with a fit to a 3rd order Birch-





The replacement of calcium in CaZrF6 by magnesium has a far greater effect on the phase 
behavior, thermal expansion and elastic properties of ABF6 than the substitution of 
zirconium by niobium (IV). Similar to CaZrF6,
26 CaNbF6 retains a cubic cation ordered 
ReO3-type structure on cooling to at least 10 K. This phase displays very strong volume 
NTE with a maximum value of ∼-65 ppm K-1 at 70 K, which is slightly larger in magnitude 
than that previously reported for CaZrF6. High-pressure diffraction studies on CaNbF6 
indicate that on volume reduction a phase transition involving reconstruction of the 
framework becomes favorable (∼400 MPa) before any of the vibration modes involving 
octahedral tilts fully soften and give rise to a lower symmetry ReO3-type framework. 
Similar behavior was also reported for CaZrF6,
26 but the details of the transition and the 
stability of the new phase upon further compression appear to be different. ReO3-type 
CaNbF6 is slightly softer than CaZrF6 (K0 ∼34 versus ∼36 GPa) and displays quite 
pronounced pressure-induced softening on compression. Such pressure-induced softening 
has been reported for other families of NTE solids208,209 and has been predicted to be 
common among NTE materials.190,360,361 Replacement of calcium by magnesium leads to 
major changes in phase behavior. On cooling, ReO3-type MgZrF6 undergoes a symmetry 
lowering phase transition at around 100 K. The transition appears to be either continuous 
or almost continuous. At temperatures immediately above the transition, MgZrF6 displays 
modest NTE (greatest magnitude at ∼175 K, v ∼-15 ppm K-1). On warming the thermal 
expansion becomes positive, crossing through zero at close to 500 K. Diffraction data for 
the low temperature phase are broadly consistent with an R3̅ structure, as previously 
reported for the low temperature form of CoZrF6.
26,171 However, the Rietveld fits were less 
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than optimal presumably due to the existence of strains in regions close to the domain 
boundaries below the ferroelastic transition. On compression at room temperature cubic 
MgZrF6, unlike cubic CaNbF6, undergoes a phase transition that is associated with 
octahedral tilts (370 MPa) prior to undergoing a reconstructive phase transition at ∼1 GPa. 
This behavior is consistent with the transition seen on cooling the material. Cubic MgZrF6 
is considerably stiffer than CaNbF6 (K0 ∼48 versus ∼34 GPa) and shows a greater pressure-
induced softening at room temperature [K’0 -53(2) versus -23(2)]. The replacement of both 
calcium and zirconium to give MgNbF6 leads to even greater destabilization of the cubic 
ReO3-structure than the replacement of calcium alone. Cubic MgNbF6 undergoes a 
symmetry lowering phase transition, to a material that probably has an R3̅ structure, at just 
below room temperature (∼280 K). The cubic phase does not show negative thermal 
expansion in the temperature range that was examined unlike CoZrF6, which has a similar 
cubic to R3̅ phase transition temperature (∼270 K),26 and displays modest NTE above the 
transition.  
Metal fluorides such as CaZrF6, CaNbF6 and MgZrF6 typically have good transparency 
into the infra-red, as was previously shown for CaZrF6.
26 CaZrF6 also has no transitions in 
the visible region due to the d0 electron configurations of both Ca2+ and Zr4+ and the large 
electronegativity difference between fluorine and these metals.  The replacement of 
zirconium in CaZrF6 by niobium (IV) leads to absorptions in the visible region due to the 
d1 electron configuration of Nb4+. The replacement of calcium by magnesium does not 
introduce any transitions in the visible part of the spectrum and MgZrF6 has a modest CTE 
at 300 K (V ∼-8 ppm K-1), which crosses through zero at ∼500 K. This suggests possible 
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application in athermal multispectral optics for MgZrF6 or appropriately substituted 
variants. 
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CHAPTER 3. NEGATIVE THERMAL EXPANSION, RESPONSE 
TO PRESSURE AND PHASE TRANSITIONS IN CaTiF62 
3.1 Introduction 
Control of thermal expansion is highly desirable for applications where dimensional 
stability or good thermal shock resistance are needed. The fabrication of composites from 
mixtures of positive and negative thermal expansion (NTE) materials36,40-42,44,333,336,362 is a 
possible route for creating tailored thermal expansion materials.3 However, in such 
composites the expansion mismatch between different components induces stresses on the 
materials, which can adversely affect their expansion characteristics.36,183,186,187,336 
Therefore, the response of NTE materials to stress, or less generally pressure, needs to be 
understood along with their expansion characteristics.  
Several distinct mechanisms for NTE are well established.30,332 In materials where phase 
transitions of various types are involved, strong NTE may occur over a somewhat limited 
temperature range, for example, Bi0.95La0.05NiO3 (αL= -82 ppm/K, ΔT: 320-380 K), 
SrCu3Fe4O12 (αL= -22.6 ppm/K, ΔT: 200-230 K), (Mn0.96Fe0.04)3(Zn0.5Ge0.5)N (αL= -25 
ppm/K, ΔT: 316-386 K), and MnCo0.98Cr0.02Ge (αL= -116 ppm/K, ΔT: 250-305 K 
.45,50,53,363  
In open framework solids, with a phonon mechanism for negative thermal expansion, NTE 
can be present over a very wide temperature range, for example ZrW2O8 (αL= -8.7 ppm/K, 
ΔT: 0.3-693 K), ScF3 (αL= -5 ppm/K, ΔT: 10 - 1000 K), [Cu3(btc)2] (αL= -4.1 ppm/K, ΔT: 
                                                 
2 Published in Inorg. Chem., 2018, 57(17), pp 11275-11281 
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80-500 K), and Zn(CN)2 (αL= -16.9 ppm/K, ΔT: 25-375 K).
24,25,88,364 However, open 
framework NTE materials frequently undergo structural phase transition on modest 
compression, which can make their application in composites problematic.220,224  
Amongst open framework NTE materials, there has been considerable recent interest in 
metal fluorides with ReO3-related structures.
25,26,155-157,159-161,178,180,342,344,365-367 Using an 
appropriate choice of metal cations, low or negative thermal expansion can be combined 
with optical transparency ranging from the mid-IR into the UV, which is potentially 
valuable for multispectral optical applications.26 Strong negative thermal expansion in 
ReO3-type fluorides is typically found in compositions that maintain an ideal cubic 




However, only a small subset of ReO3-type fluorides, where the cations are very 
electropositive, remain cubic on cooling rather than going through a symmetry lowering 
phase transition. CaTiF6 was examined in an effort to expand the range of fluorides known 
to display strong isotropic NTE over a wide temperature range. The solid state synthesis 
and an initial characterization of CaTiF6 was reported by Hagenmuller and co-workers in 
1970,368 with subsequent mention by Reinen and Steffen in their 1978 work on structure 




CaF2 and TiF4, purchased from Sigma Aldrich and STREM respectively, were ground 
together in a 1:1 molar ratio under a dry nitrogen atmosphere. The mixture was pressed 
into a pellet and placed in a copper tube. The tube was sealed by arc welding in argon, and 
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then sealed inside an evacuated fused quartz ampoule. The ampoule was heated to 400 °C, 
held at 400 °C for 24 h, annealed at 350 °C for 24 h, and then cooled to room temperature. 
The reaction produced CaTiF6, as an off-white powder, with ∼2 wt % CaF2 as an impurity 
(see Figure B.1). 
3.2.2 High Resolution Variable Temperature X-ray Powder Diffraction Measurements 
High resolution x-ray powder diffraction data were collected on the 11-BM beamline at the 
Advanced Photon Source, Argonne National Laboratory at a wavelength of 0.41272 Å 
using a sample sealed in a Kapton capillary tube. An Oxford Cryostream 700+ nitrogen 
gas blower was used for data collection between 300 and 500 K (denoted as “N2” later in 
the paper). An Oxford Instruments closed-flow helium cryostat (OptistatCF), denoted 
“He”, was used for data sets between 10 and 300 K. 
3.2.3 High-Pressure X-ray Powder Diffraction Measurements 
High-pressure powder x-ray diffraction data were collected on a Perkin-Elmer amorphous 
silicon 2D detector, using beamline 17-BM at the Advanced Photon Source, Argonne 
National Laboratory, at a precisely determined wavelength of 0.45240 Å. These 
measurements made use of an EasyLab “Diacell Bragg-(G)” diamond anvil cell, which was 
equipped with a diaphragm so that the pressure could be increased under computer control. 
A low molecular weight silicone oil (Alfa, MW = 237 g·mol−1) was used as the pressure 
transmitting medium. Pressure was determined from the lattice constant of CaF2, which 
was added as pressure marker, using the equation of state reported by Angel.352 Data were 
acquired while the pressure was continuously increased using a syringe pump to supply 
high-pressure methanol to the diaphragm. 
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3.2.4 Rietveld Analysis of the Powder Diffraction Data 
All Rietveld refinements were performed using the General Structure Analysis System 
(GSAS) coupled with EXPGUI.354,355 In the analyses of both the low temperature ambient 
pressure data and the high-pressure ambient temperature data, the fits to the rhombohedral 
model were less than ideal due to the presence of some scattering between Bragg peak 
maxima, which is attributed to strain associated with the domain structure that is present 
once the ferroelastic cubic to rhombohedral transition has occurred.365 Representative 
profile fits for the cubic and rhombohedral phases are shown in Figs S1 –S4. As the high-
pressure data had a high background and relatively low Qmax (5.5 Å-1), a structural model 
consisting of isotropic atomic displacement parameters for each atom and fluorine 
coordinates was adopted. The accuracy of the structural information from these analyses, 
especially for pressures close to the phase transition at 3 GPa where there is significant 
peak broadening, is limited. Parameters for the refined structural models and the lattice 
constants are reported in the SI. 
3.3 Results and Discussion 
3.3.1 Response to Heating and Cooling 
Above 120 K CaTiF6 adopts a cubic cation ordered ReO3-type structure. The peak splitting 
seen in the variable temperature x-ray powder diffraction data suggest a phase transition 
on cooling to ∼120 K from cubic (Fm3̅m) to rhombohedral (R3̅), which involves correlated 






Figure 3.1: a) Unit cell volume per formula unit, b) volumetric coefficients of thermal 
expansion (CTE), and c) lattice constant versus temperature for CaTiF6. The curves shown 
in (b) were obtained by differentiation of six and five-term polynomial fits to the unit cell 
volumes of the cubic and rhombohedral phases, respectively. Additionally, the CTE was 
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determined point by point (purple/magenta and green symbols). He and N2 denote helium 
cryostat and nitrogen Cryostream sample environments respectively. 
The volume per formula unit, volume thermal expansion coefficients and lattice constants 
versus temperature obtained from Rietveld analyses are shown in Figure 3.1. As is typical 
of ReO3-type metal fluorides, the rhombohedral phase shows strong volumetric positive 
thermal expansion (PTE), which is highly anisotropic.344,365 In the rhombohedral phase the 
octahedra are tilted so the Ti-F-Ca angle is < 180°. As this phase is heated the bond angle 
increases (∼158.8° and ∼165.5° at 16 and 112 K respectively), leading to very strong 
positive thermal expansion in the a-b plane of the hexagonal unit cell.  Just above the phase 
transition temperature the cubic phase displays PTE, which is presumably due to the 
presence of local structural distortions away from the ideal cubic structure. This 
interpretation is supported by the atomic displacement parameters (ADPs) shown in Figure 
3.2; the transverse component of the ADP (U22) for fluorine increases on cooling from 130 
to 120 K.  Above 130 K the cubic phase of CaTiF6 shows NTE up to the highest 
temperature studied (500 K). The NTE is strongest at 177 K with a v = -42 ppm K
-1. The 




Figure 3.2: Atomic displacement parameters for CaTiF6 determined by Rietveld analysis of 
data from variable temperature x-ray diffraction measurements using a helium cryostat (He) 
and nitrogen Cryostream (N2). F Ui values are the principle components of the anisotropic 
atomic displacement ellipsoid for fluorine in the rhombohedral phase. 
The thermal expansion of CaM4+F6 (M – Zr, Hf, Nb and Ti) are compared in Figure 3.3. 
At low temperatures, the behavior of CaTiF6 is distinct from the other compositions, as it 
is the only one that undergoes a phase transition on cooling. The ideal cubic form of the 
ReO3 structure is reported to be preferred on electrostatic grounds, with the commonly 
reported distortions away from cubic symmetry perhaps arising from polarization of 
fluoride or covalency.372 Titanium has a higher electronegativity (1.32)373 and smaller size 
(six coordinate Ti4+, 0.605 Å)374 than zirconium, hafnium and niobium (1.22, 1.23, 1.23;373 
0.72 Å, 0.71 Å, 0.68 Å)374 consistent with the occurrence of a distortion on cooling CaTiF6, 




Figure 3.3: Temperature dependence of the volumetric coefficients of thermal expansion for 
CaM4+F6 (M – Zr, Hf, Nb, Ti).26,365 The curves are six-term polynomials, which were fit to the 
point by point CTE data for each material to best represent the temperature dependence of 
their thermal expansion. 
All four CaM4+F6 have similar CTEs at close to room temperature. However, CaNbF6 and 
CaHfF6 show the largest NTE at low temperatures, with the volumetric CTE of both 
dipping down to ∼-70 ppm K-1. The atomic displacement parameters (ADPs) obtained 
from Rietveld analyses of data for CaTiF6 are shown in Figure 3.2. The overall pattern for 
the cubic phase is similar to that previously reported for CaZrF6 and CaNbF6. The 
transverse component of the ADP for F (U22) is much larger than that of the component 
parallel to the M-F bonds, strongly dependent on temperature and extrapolates to a large 
value (∼0.02 Å2) at 0 K. This is consistent with a very soft potential for the transverse 
motion of the fluoride and the NTE in the material being driven by this transverse motion, 
as is typically the case of cubic ReO3-type fluorides.
154 Below the phase transition to a 
rhombohedral structure, the values of the refined atomic displacement parameters are less 
well behaved. This is likely a consequence of parameter correlations for temperatures just 
below the transition, where the split peaks associated with the symmetry lowering are 
poorly resolved, and also less than ideal fits to the data for the rhombohedral material. As 
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mentioned earlier, the poor fits arise because there is scattering between the Bragg 
presumably due to strains in multiply twinned grains.365 The refined ADPs for fluorine are 
consistent with a relatively soft potential for fluorine displacements even in the 
rhombohedral phase. 
3.3.2 Response to Compression 
The high-pressure x-ray diffraction data (Figure 3.4a) recorded at room temperature (∼295 
K) indicates the occurrence of at least two structural phase transitions in CaTiF6 on 
compression to 6.5 GPa. Below ∼0.25 GPa the material is cubic. On increasing pressure, 
the Bragg peaks split in a fashion consistent with an octahedral tilting transition to a 
rhombohedral (R3̅) phase, as was seen on cooling CaTiF6 to 120 K. Phase coexistence at 
∼0.25 GPa suggests that the transition is first order. Structural transitions of this type 
commonly occur at low pressures on compressing cubic MF3 and MM’F6 ReO3-type 
phases244,365 and they are a potential impediment to application in controlled thermal 
expansion composites, where the materials are likely to be subject to stresses from thermal 
expansion mismatch. However, CaZrF6 and CaNbF6 do not display an analogous 
octahedral tilting transition on compression. Cubic CaZrF6 transforms to a disordered 
material on compression to ∼0.4 GPa26 at room temperature, and cubic CaNbF6 transforms 
to a new crystalline phase at ∼0.4 GPa.365 These differences may arise in part because both 
Zr(IV) and Nb(IV) are much larger than Ti(IV), and can more readily accommodate an 




Figure 3.4: a) X-ray powder diffraction data for CaTiF6 as it is compressed in a diamond 
anvil cell. b) Diffraction patterns for CaTiF6 at selected pressures. Peaks from the CaF2 
pressure calibrant are marked *. 
At ∼3 GPa a further phase transformation occurs leading to the quite abrupt disappearance 
of the peak at ∼2.2 Å-1 from the rhombohedral phase and the appearance of broad scattering 
maxima at ∼1.75 and 1.9 Å-1.   Between 5 and 6 GPa the scattering pattern changes so that 
is dominated by a single broad maximum at 1.9 Å-1. On decompression, the sample 
remained essentially amorphous. A comparison of the diffraction patterns in each pressure 
range of interest is given in Figure 3.4b.  
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In Figure 3.5, unit cell volume versus pressure (P < 0.25 GPa) is shown for cubic CaTiF6 
along with a fit to a 3rd order Birch-Murnaghan equation of state, which was performed 
using EoSFit7.359 The zero pressure bulk modulus, K0, was estimated to be ∼29 GPa, 
indicating that CaTiF6 is softer than both CaZrF6 and CaNbF6 (K0 36 and 33.7, 
respectively). CaTiF6, like several other cubic MM’F6 phases and the anion excess ReO3-
type material YbZrF7,
178 shows strong pressure-induced softening, K0’ ∼-50(5), prior to 
undergoing a transformation to a rhombohedral phase. The magnitude of this softening is 
greater than that seen in both CaZrF6 and CaNbF6 (K0’ of -26 and -23, respectively). Most 
materials stiffen on compression as volume reduction brings atoms closer together and 
increases the repulsion between them. However, Dove et al. have argued that framework 
structures likely to display NTE are also likely to show pressure-induced softening.191,375 






Figure 3.5: Volume versus pressure for cubic CaTiF6 along with a best fit using a 3rd order 
Birch-Murnaghan equation of state. 
The variation of unit cell volume and lattice constants with pressure (Figure 3.6) indicates 
that the elastic properties of rhombohedral (R3̅) CaTiF6 are very different from those of 
the cubic (Fm3̅m) phase. In the rhombohedral phase further octahedral tilting (a-a-a-), 
involving rotation around the 3-fold axes of the octahedra, is associated with a reduction 
in the Ca-F-Ti bond angles (see Figure 3.7a) and provides a relatively low energy pathway 
for volume reduction, at least for pressures where the Ca-F-Ti bond angle is significantly 




Figure 3.6: a) Pressure dependence of the unit cell volume, and b) lattice constants for the 
rhombohedral phase of CaTiF6. The lattice constants for the rhombohedral phase have been 
scaled so that they can be compared to that of the cubic phase. There is phase coexistence in 
the region bounded by dashed lines. 
The behavior of the rhombohedral phase on compression could not be adequately described 
using a Birch Murnaghan equation of state. A polynomial fit to ln(V) versus pressure was 
used to determine how the phase’s bulk modulus varied with pressure (Figure B.5). At 
pressures just above the cubic to rhombohedral phase transition the material is very soft, 
with a bulk modulus of between 3 and 5 GPa for pressures below 0.5 GPa. However, its 
bulk modulus increases almost linearly on compression, becoming > 30 GPa for pressures 
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higher than 2.5 GPa. This stiffening is presumably due to the structure approaching that 
where the fluoride is closest packed. The compressibility of the rhombohedral phase is 
highly anisotropic. In the a-b plane, the material is soft as the volume reducing a-a-a- tilts 
involve rotation parallel to the c-axis. However, parallel to the crystallographic c-axis the 
material displays negative linear compressibility (NLC) up to ∼2.5 GPa (see Figure 3.6b).  
Similar behavior has been reported in rhombohedral FeF3 and other trifluorides.
248,249 The 
NLC was attributed to a distortion of the individual octahedra, where the F-F distances 
between fluorine on an octahedral face lying perpendicular to the c-axis (d1M) decreased 
more readily on compression than the F-F distances between pairs of fluorine lying on 
opposite triangular faces of the same octahedron (d2M). This distortion can be quantified as 




Figure 3.7: Pressure dependence of a) the Ca-F-Ti bond angle, b) the octahedral strain for 
the CaF6 and TiF6 units, as described in the text, and c) the Ti-F and Ca-F bond lengths. 
The CaF6 and TiF6 octahedra that make up the rhombohedral structure respond differently 
to pressure. As might be expected, the longer Ca-F bond lengths are more compressible 
than the shorter Ti-F distances (Figure 3.7c), and on compression the CaF6 units display 
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much greater octahedral strain than the TiF6 units (Figure 3.7b). The maximum octahedral 
strain observed in the TiF6 units is similar to that reported for FeF3 on compression, but 
that seen in the CaF6 is approximately three times greater. 
At ∼3 GPa, where rhombohedral CaTiF6 transforms to a poorly ordered material, the Ca-
Ti-F bond angle is approaching that expected for close packing (132°), consistent with a 
phase transition involving a new mechanism for volume reduction on compression. 
3.4 Conclusions 
The behavior of cooling and compressing CaTiF6 is distinct from that of both CaZrF6 and 
CaNbF6, but similar to that of MgZrF6.
26,365 CaTiF6 undergoes an octahedral tilting 
transition on cooling below 120 K, which leads to anisotropic positive volume thermal 
expansion at low temperature, whereas CaZrF6 and CaNbF6 remain cubic to at least 10 K. 
This difference may be associated with the smaller size and higher electronegativity of 
Ti4+, as highly ionic bonding is thought to favor the cubic structure over distorted variants. 
CaTiF6 also undergoes an octahedral tilting transition on compression at ambient 
temperature. This is in contrast to CaZrF6 and CaNbF6, where other volume reduction 
mechanisms lead at ∼0.4 GPa to disordering in the case of CaZrF6 and what appears to be 
a reconstructive crystal to crystal transition in CaNbF6. The pressure-induced cubic to 
rhombohedral transition in CaTiF6 at 0.25 GPa is likely to limit its potential for application 
in controlled thermal expansion composites, as in such a composite it would experience 
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CHAPTER 4. EFFECTS OF COMPOSITION ON CRYSTAL 
STRUCTURE, THERMAL EXPANSION, AND RESPONSE TO 
PRESSURE IN ReO3-TYPE MNbF6 (M= Mn AND Zn)3 
4.1 Introduction 
Since the 1996 report of negative thermal expansion (NTE) over a wide temperature range 
in ZrW2O8,
24,376 strong NTE has been observed in many different families of 
materials.30,332,377 This interest in NTE has been partly motivated by a desire to control 
thermal expansion, using strategies such as the preparation of composites containing 
positive and negative thermal expansion phases.3,378 When NTE materials are employed in 
composites they can experience significant stresses due to the thermal expansion mismatch 
between the NTE phase and the matrix. In the case of framework NTE materials, which 
often display structural phase transitions at low pressure, these stresses can degrade the 
performance of the composite. This motivates the study of such materials under pressure. 
A wide variety of ReO3-struture fluorides have received attention for their potential as 
negative and zero thermal expansion materials since the observation that cubic ScF3 
displays negative thermal expansion at all temperatures below ∼1100 K.25 With the correct 
choice of composition, fluorides displaying both negative thermal expansion and optical 
transparency from the mid-infrared through to the UV can be prepared.26 A number of 
                                                 
3 Published in J. Solid State Chem., 2019, 269, pp 428-433 
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strategies for controlling thermal expansion in this type of material have explored, 
including the formation of solid solutions based on ScF3,
155-157,159 an exploration of cation 
ordered MIIMIVF6
26,180,365,379 notably including CaZrF6
26 and CaNbF6
365 which both display 
very strong NTE over a wide temperature range, the insertion of lithium,161 and the 





The current study builds up on prior examinations of CaNbF6
365 and MgNbF6,
365 to better 
understand how ReO3-type M
(II)NbF6 respond to compression and temperature changes as 
chemical composition is varied. MnNbF6 and ZnNbF6 were examined by synchrotron x-
ray powder diffraction from 100- 500 K and upon compression to > 4 GPa. The synthesis, 
room temperature crystal structures and spectroscopic data for these two materials were 
reported by Chassaing and coworkers in 1982.163 Magnetism and the magnetic structure of 
MnNbF6 were reported in 1986,
380 and a synthesis and powder diffraction data for ZnNbF6 
were reported in 1998.166 
4.2 Experimental 
4.2.1 Synthesis 
All syntheses were conducted in a dry nitrogen atmosphere, due to the moisture sensitivity 
of reagents. NbF4 was prepared by solid state reaction of NbF5 and niobium metal based 
on the procedures reported by Chassaing et al.347 The reactants were ground together in a 
5:1 molar ratio (NbF5 to Nb), with excess Nb
5+ needed to fully react with the Nb0 according 
to Chassaing et al. The mixture was placed in a copper tube, which was sealed by arc-
welding under argon. The copper tube was sealed in an evacuated fused silica ampule. The 
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reaction vessel was heated to 300 °C, held there for 99 h, and then quenched to room 
temperature. A vacuum sublimation, using a rotary pump and a temperature of ∼100 °C, 
was used to separate product from excess reactant. The result was a black hygroscopic 
powder. 
MnNbF6 and ZnNbF6 were prepared by solid state reaction of NbF4 and MF2 (M=Mn, Zn). 
These syntheses were based on the work of Goubard et al.166 The reactants were ground 
together in a 1:1 ratio and loaded into a copper tube, which was sealed by arc-welding 
under argon. The copper tube was then sealed in an evacuated fused silica ampule. The 
ampule was quickly heated to 520 °C, held there for approximately one week, and slowly 
cooled to room temperature. The resulting MnNbF6 and ZnNbF6 products were grey 
powders. 
4.2.2 Variable Temperature X-ray Powder Diffraction Measurements 
X-ray powder diffraction data were recorded on a Perkin-Elmer amorphous silicon 2D 
detector using a wavelength of 0.72950 Å at beamline 17-BM of the Advanced Photon 
Source, Argonne National Laboratory. An Oxford Cryostream was used to control the 
sample temperature between 100 and 500 K. As the indicated temperature does not 
necessarily represent the true sample temperature, calibration data was collected using a 
thermocouple inserted into an empty Kapton capillary. The difference between the 
temperature recorded on the thermocouple and that indicated by the Cryostream controller 






4.2.3 High-Pressure X-ray Diffraction Measurements 
High-pressure powder x-ray diffraction data were collected on the 17-BM beamline at the 
Advanced Photon Source, Argonne National Laboratory. Data were recorded on a Perkin-
Elmer amorphous silicon 2D detector, using a wavelength of 0.72768 Å. An EasyLab 
“Diacell Bragg-(G)” diamond anvil cell (DAC), equipped with a diaphragm so that the 
pressure could be automatically increased, was used. Silicone oil (Alfa, MW = 237 
g·mol−1) was used as the pressure medium. Pressure was determined from the lattice 
constant of NaCl, which was added as a pressure marker, using an equation of state reported 
by Birch.189 Data were acquired while the pressure was continuously increased. Due to the 
pump program used and the non-linear relationship between pressure in the diaphragm and 
pressure in the sample chamber, the pressure increments associated with each frame of x-
ray data are non-uniform. 
4.2.4 Rietveld Analyses of the Powder Diffraction Data and the Calculation of Expansion 
Coefficients 
All Rietveld refinements were performed using the General Structure Analysis System 
(GSAS)354 and EXPGUI.355 Examples of fit quality are given in Appendix C. The unit cell 
volumes and temperatures were used to calculate coefficients of thermal expansion (CTEs). 
The variation of the volume CTE with temperature was estimated in two ways, by 
differentiating a multi-term (six-term for MnNbF6 and four-term for ZnNbF6) polynomial 





4.3 Results and Discussion 
4.3.1 Thermal Expansion and Phase Behavior of MnNbF6 
Synchrotron x-ray powder data, Figure 4.1a, recorded from 110 to 500 K show a first order 
phase transition from rhombohedral (R3̅) to cubic (Fm3̅m) at ∼315 K in MnNbF6 (see 
Figure 4.1b). This transition has previously been reported to occur at 323 K.380 While some 
ReO3-type metal fluorides remain cubic on cooling, many display similar cubic to 
rhombohedral phase transitions.344,365,381 The observed transition involves correlated tilting 





Figure 4.1: a) Synchrotron powder x-ray diffraction data as a function of temperature for 
MnNbF6. There is a cubic to rhombohedral phase transition at ∼315 K, b) which involves 
correlated octahedral tilts 
The volume per formula unit and volumetric CTE are shown in Figure 4.2. The 
rhombohedral phase shows a large increase in volume on heating, with αv ∼200 ppmK-1 
from 110 - 200 K. This is typical of ReO3-type metal fluorides.
344,365 The increase in M-F-
M bond angle on heating the rhombohedral phase more than compensates for any negative 
contribution to the CTE from transverse vibrations of the linking fluoride. The positive 
thermal expansion (PTE) increases on warming and becomes very large close to the phase 




Figure 4.2: a) Volume per formula unit and b) volumetric coefficients of thermal expansion 
(CTE) determined from a six-term polynomial fit (solid lines) and using a point by point 
method for MnNbF6. Single phase Rietveld fits were used to determine the volumes, with a 
change from a rhombohedral to a cubic model at ∼315 K. 
Immediately above the transition temperature the cubic phase shows PTE, which changes 
through zero to weak NTE at higher temperatures; v of 0.0 ppm K
-1 at 382 K, and v of 
∼-6 ppm K-1 at 450 K. Above 450 K, the apparent CTEs on heating and cooling vary due 
to some hysteresis in the diffraction measurements. The origin of this behavior is unclear, 




4.3.2 Thermal Expansion and Phase Behavior of ZnNbF6 
The response of ZnNbF6 to changes in temperature was also probed by synchrotron x-ray 
powder diffraction. Unit cell volume and volumetric CTE versus temperature are shown in 
Figure 4.3. This sample adopted a rhombohedral (R3̅) structure over the entire measured 
temperature range. Some apparent hysteresis is seen between the data recorded on heating 
and cooling, which is most likely an experimental artefact. As the experimentally 
determined unit cell volume varies smoothly on cooling, we believe that it most accurately 
represents the true sample behavior. The thermal expansion of ZnNbF6, Figure 4.3b, is 
strongly positive, with a v of 107 ppm K
-1 at 120 K. The CTE increases on further heating, 




Figure 4.3: a) Volume per formula unit and b) volumetric coefficient of thermal expansion 
(CTE) determined from a four-term polynomial fit (solid line) and using a point by point 
approach for ZnNbF6 as determined from Rietveld fits of a rhombohedral (R?̅?) model to the 
variable temperature x-ray powder diffraction data. 
The thermal expansion of several rhombohedral ReO3–connectivity metal 
fluorides157,158,365,379,383 are compared in Figure 4.4. The expansion of MnNbF6 is similar 
to that of MgNbF6, with a large positive CTE that increases dramatically close to the 
rhombohedral to cubic phase transition. The successive replacement of Mg by Mn and then 
Zn stabilizes the rhombohedral structure to increasingly higher temperatures. This is not 
purely a consequence of changes in ionic radii, as the six coordinate ions have Shannon 
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effective radii of 72, 82 and 74 pm respectively.384 It is likely related to an increase in the 
covalency of the bonding on moving from Mg to Zn, as highly ionic bonding stabilizes the 
maximum volume cubic structure372 and Zn is significantly more electronegative than Mg 
(1.66 versus 1.23).373  At the maximum temperature studied, ZnNbF6 displays higher 
thermal expansion than InF3 and AlF3, which both remain rhombohedral to high 
temperatures (>650 K).158,383  
 
Figure 4.4: A comparison of the CTEs for rhombohedral ReO3-type metal fluorides. The 
CTEs were estimated by differentiating six-term polynomial fits to volume vs temperature. 
4.3.3 Compression of MnNbF6 
The response of MnNbF6 to compression was studied by variable pressure powder x-ray 
diffraction in a DAC. The resulting data are shown as a 2D-contour plot in Figure 4.5a. 
This plot shows evidence of a phase transition at very low pressure, associated with peak 
splitting indicative of octahedral tilting on compression, and a transition to a poorly ordered 
phase at ∼6 GPa. Close inspection of the data reveals that the initial diffraction patterns 
show phase coexistence of rhombohedral and cubic phases. This is not unreasonable given 
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the first order nature of the thermally induced transition and a transition temperature close 
to ambient. The phase coexistence persists during the first few frames of diffraction data, 
as there is a delay between the increase in methanol pressure supplied to the diaphragm on 
the DAC and any significant increase in the pressure experienced by the sample. An 
example Rietveld fit to data in this region is shown in Figure C.5. 
 
Figure 4.5: a) High-pressure powder x-ray diffraction data for MnNbF6 and b) selected 
powder diffraction patterns. Diffraction peaks from the NaCl internal pressure standard are 
marked by *. 
As the pressure increases, the MnNbF6 sample completely transforms to rhombohedral 
material. On further compression, the evolution of the data is consistent with increasing 
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octahedral tilting in the R3̅ phase. Above 6 GPa, the peaks from the rhombohedral phase 
disappear and broad peaks appear alongside those from NaCl indicating that MnNbF6 
transforms to a poorly ordered structure, Figure 4.5b. This behavior is distinct from that 
previously seen for CaNbF6.
365 Unlike MnNbF6, CaNbF6 undergoes a transition from cubic 
Fm3̅m to a poorly ordered phase at ∼0.4 GPa. The reason for the difference is unclear. 
 
Figure 4.6: a) Unit cell volume, bulk modulus and b) lattice constants for MnNbF6. Note the 
two y-axes are scaled differently. 
Unit cell volume versus pressure for rhombohedral MnNbF6 is shown in Figure 4.6a along 
with an estimate of how the bulk modulus evolves on compression. The later was calculated 
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by differentiating a six-term polynomial, which had been fit to ln(V) vs P. This approach 
was adopted as the V versus P data could not be fit satisfactorily using a conventional 
equation of state. At low pressures, the material is extremely soft. The bulk modulus 
increases from 5 to 12 GPa on compression to ∼1 GPa. This contrasts with what is typically 
seen in cubic ReO3-type metal fluorides, for example CaNbF6 has K0(298K) = 33.7(4) GPa 
and displays pronounced softening on compression, K’0(298 K) ∼-23(2), rather than 
stiffening. However, behavior of this type is to be expected for rhombohedral ReO3-
connectivity phases, as tilting of the framework octahedra (bending Mn-F-Nb links) 
initially provides a low energy path for volume reduction on compression above 1 GPa, 
the structure continues to stiffen with the bulk modulus exceeding 60 GPa prior to the 
transition to a poorly ordered phase. This stiffening presumably occurs because the 
pressure-induced octahedral tilts bring the fluoride ions closer together. The 
compressibility of the rhombohedral phase is highly anisotropic (Figure 4.6b); it displays 
negative linear compressibility parallel to the c-axis up to ∼3.8 GPa, and it is elastically 
very soft in the a-b plane. This occurs because the octahedral tilts involve rotation around 
crystallographic 3-fold axes leading to a reduction in metal – metal separation in the a-b 
plane, and in parallel with this there is an octahedral distortion that leads to negative linear 
compressibility parallel to the c-axis.379 Similar behavior has been seen in other 
rhombohedral ReO3-type fluorides.
248,249,379 
4.3.4 Compression of ZnNbF6 




Figure 4.7: Diffraction data as a function of pressure for ZnNbF6. Diffraction peaks from the 
internal pressure standard, NaCl, are marked with * and an impurity phase with ■. The 
sample was decompressed at the end of experiment. 
The diffraction patterns evolve smoothly on increasing and decreasing pressure, without 
any additional peak splitting or new peaks indicating that ZnNbF6 remains in the 
rhombohedral phase up to the highest pressures recorded, ∼4 GPa. An additional minor 
phase, not seen in the variable temperature experiments for this sample, appears throughout 
these data. It seems likely that it formed while grinding the sample. Similar behavior has 
been seen in other ReO3-type fluorides including CaZrF6.
26  
An example Rietveld fit for rhombohedral ZnNbF6 is given in Figure C.7. Unit cell 
volumes and bulk moduli, calculated from a six-term polynomial fit to ln(V) vs pressure, 
are shown in Figure 4.8. Similar to MnNbF6, a conventional equation of state, such as 
Burch Murnaghan, did not give a satisfactory fit to the V versus P data. ZnNbF6 is 
elastically soft at low pressures, with a bulk modulus of ∼14 GPa at ambient. However, it 
stiffens rapidly on compression leading to a bulk modulus of > 50 GPa at pressures above 
3.5 GPa. Similar to the Mn analog, the compressibility is highly anisotropic. The material 
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is very soft in the a-b plane, but parallel to the c-axis it displays negative linear 
compressibility below 2.0 GPa (Figure 4.8b). The greater ambient pressure bulk modulus 
for ZnNbF6 versus MnNbF6 (∼14 and ∼5 GPa respectively) and the much smaller 
fractional increase in the c-axis on compression prior to the onset of positive linear 
compressibility parallel to the c-axis presumably reflects the considerable octahedral tilting 
that is already present in the ZnNbF6 at ambient pressure and temperature (Zn-F-Nb angle 




Figure 4.8: a) Unit cell volume, bulk modulus and b) lattice constants for ZnNbF6. Note the 
two y-axes are scaled differently. 
The compressibilities of MnNbF6 and ZnNbF6 are compared to those of some other ReO3-
related rhombohedral metal fluorides in Figure 4.9.248,249,379 The general trend in elastic 
stiffness (slope of V versus P) at ambient, or close to ambient pressure, reflects the trend 
in M-F-M’ bond angles at close to ambient pressure. CrF3, which has the smallest M-F-M 
angle (∼144.8° at ambient), is the stiffest phase and CaTiF6 is the softest with a Ca-F-Ti 




Figure 4.9: Unit cell volume versus pressure for several rhombohedral ReO3-related 
fluorides. 
4.4 Conclusions 
The responses of ReO3-type ANbF6 (A = Ca, Mg, Mn and Zn) to changes in temperature 
and pressure are varied. CaNbF6 has previously been reported to retain a cubic cation 
ordered structure over a wide temperature range (from less than 10 to at least 900 K).365 
However, MgNbF6 and MnNbF6 display rhombohedral to cubic transitions, involving the 
correlated titling or corner shared octahedral, on heating above ∼280 and ∼315 K 
respectively. Even though Zn2+ has a similar ionic radius to Mg2+, ZnNbF6 adopted a 
rhombohedral structure over the entire temperature rage investigated (∼100 – 500 K). This 
is likely a consequence of zinc’s greater electronegativity when compared to magnesium, 
as more ionic bonding is thought to favor the cubic phase.372 The behavior of CaNbF6 on 
compression is distinct from that of both MnNbF6 and ZnNbF6. CaNbF6 transform from a 
cubic ReO3 structure to a poorly ordered phase on compression to ∼0.4 GPa.365 However, 
both MnNbF6 and ZnNbF6 adopt rhombohedral ReO3-type structures to quite high 
pressures (∼6 GPa and > 4 GPa respectively). These rhombohedral phases are elastically 
 
 115 
very soft at close to ambient pressure, as the reduction of the M-F-Nb bond angles 
associated with tilting of the octahedra provides a low energy pathway for volume 
reduction, but they rapidly stiffen as the M-F-Nb bond angles are reduced due increasing 
steric repulsion. 
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CHAPTER 5. THE EFFECTS OF EXCESS FLUORIDE ON 
THERMAL EXPANSION AND RESPONSE TO COMPRESSION 
IN CATION ORDERED ReO3-TYPE FLUORIDES: Ca[Zr(IV)1-
XNb(V)X]F6+X 
5.1 Introduction 
Negative thermal expansion (NTE) is unusual, but it has been observed in several families 
of material.27,30-32,34,332 Its technological importance has been established for many 
applications, including the creation of controlled thermal expansion composites.3,35-37,40-
44,46 Control of thermal expansion is desired in order to achieve dimensional control or 
combat possible failure from thermal expansion mismatch or thermal shock. However, both 
the fabrication of composites and internal thermal expansion mismatch between 
components in a composite can lead to significant stresses.35,36,183,186,187 Consequently, it is 
important to understand how NTE materials respond to stress in addition to changes in 
temperature.  
Several different mechanisms for NTE are known, including changes in crystal structure, 
magnetic ordering, and electronic structure.34,46,332 NTE can also arise from the transverse 
vibrational motion of bridging atoms. Open framework materials with low energy phonons 
corresponding to this type of transverse motion are known to display NTE.65,154 The 
identification of strong NTE in ZrW2O8 led to the rapid growth of interest in framework 




A variety of fluorides are known to adopt ReO3-type cubic structures, which consist of 
corner shared octahedra. This framework can support the vibrational modes needed for 
NTE. The search for NTE in metal fluorides is partly motivated by their potential for mid-
IR to UV optical transparency, which could be utilized in multispectral optical applications. 
The first metal fluoride known to show large isotropic NTE was ScF3. This material 
remains cubic with strong NTE over a wide temperature range.25 Many mixed metal 
fluorides, including CaZrF6 and CaNbF6, have subsequently been studied with several 
showing strong isotropic NTE down to low temperatures.26,344,365,379,385  
Many different strategies for controlling the thermal expansion of ReO3-related fluorides 
are possible,150,155-160,178,180,181,345 including the deliberate introduction defects. Cation 
ordered ReO3-type fluorides, M
2+M4+F6, can accommodate the substitution of either metal 
by one in a higher oxidation state.168,172,173,176 In order to maintain charge balance excess 
fluoride must be incorporated into the structure. This can be achieved by putting the 
fluoride on interstitial sites leading, in some cases, to the conversion of corner sharing 
polyhedra to edge-sharing units.173,176,178-182 Defects of this type are expected to decrease 
the flexibility of the framework and interfere with the low-frequency transverse vibrations 
that are responsible for NTE. The formal replacement of Ca2+ by Yb3+ in CaZrF6 leads to 
YbZrF7. An x-ray total scattering study of this material suggests the presence of edge-
sharing polyhedra. YbZrF7, unlike CaZrF6, shows ZTE at close to room 
temperature.173,178,179 Changes in composition, driving a transition from partial edge-
sharing to corner sharing, have been shown to tune thermal expansion from positive 
through zero to negative in Ti2+xTi
3+
1-xZrF7-x (x= 0,0.5, and 1).
180 More recently, the system 
Mg2-xZrxF4+2x was studied to probe the effect of replacing some Mg




This substitution was used to tune both the thermal expansion and response to pressure of 
these ReO3-type solids.
181 In the current paper, we examine the controlled replacement of 





xZrF7-x a high level of cation ordering is maintained, even at high Nb
5+ substitution levels, 
as the Nb5+ goes exclusively onto the Zr4+ site. Variable temperature and high-pressure 
synchrotron x-ray diffraction was utilized to study the thermal expansion and compression 
of CaZr0.75Nb0.25F6.25, CaZr0.5Nb0.5F6.5, and CaZr0.25Nb0.75F6.75. CaNbF7 was not studied as 
well crystallized samples of this composition could not be prepared, although other workers 
have made this material.172 The local structure of these materials was also examined by x-
ray total scattering. 
5.2 Experimental 
5.2.1 Synthesis 
CaF2 (99.5%, Alfa Aesar) and NbF5 (99.5%, STREM) and ZrF4 (99.9%, STREM) were 
used to prepare Ca[Zr(IV)1-xNb
(V)
x]F6+x via solid state reaction using a procedure adapted 
from Chassaing et al.172 The appropriate molar ratios were thoroughly ground together 
under a dry nitrogen atmosphere and placed into a nickel tube, which was then sealed by 
arc-welding under argon. The nickel tube was then sealed in an evacuated fused silica 
ampoule. The samples were heated to 650 °C at a rate of 5.2 °C/min, held at 650 °C for 3 
days, and cooled to 25 °C at a rate of 0.43 °C/min. This process was repeated to improve 
their crystallinity. The products were light grey powders, which were single phase by 




5.2.2 High Resolution Variable Temperature X-ray Powder Diffraction Measurements 
Powder x-ray diffraction data were collected using the 17-BM beamline at the Advanced 
Photon Source, Argonne National Laboratory. Samples of CaZr0.75Nb0.25F6.25, 
CaZr0.5Nb0.5F6.5, and CaZr0.25Nb0.75F6.75 were packed and sealed in 0.8 mm diameter 
Kapton tubes. Diffraction data were recorded on a Perkin-Elmer 2D detector using a 
wavelength of 0.72768 Å. A LaB6 sample was used to determine the exact sample to 
detector distance and other parameters needed for accurate integration of the 2D diffraction 
data. The sample temperature was controlled using an Oxford Cryosystems Cryostream 
(100 – 500 K). 
5.2.3 High-Pressure X-ray Diffraction Measurements 
Variable pressure diffraction measurements were also performed at the 17-BM beamline, 
Advanced Photon Source, Argonne National Laboratory using a wavelength of 0.72768 Å. 
Samples of CaZr0.75Nb0.25F6.25, CaZr0.5Nb0.5F6.5, and CaZr0.25Nb0.75F6.75 were compressed 
up to ∼8 GPa in an easyLab Diacell Bragg-(G) diaphragm diamond anvil cell (DAC). 
Samples were loaded in a dry nitrogen filled glove-bag with NaCl as an internal pressure 
standard and Alfa silicone oil (molecular weight of 237 g·mol−1) as the pressure-
transmitting fluid. The known equation of state and the measured unit cell volume for NaCl 
were used to calculate the pressure.189 
5.2.4 Total Scattering Measurements 
X-ray total scattering data were acquired using beam line 11-ID-B at the Advanced Photon 
Source, Argonne National Laboratory. Samples were sealed in Kapton capillary tubes 
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under dry nitrogen using an epoxy adhesive. Data were recorded using a Perkin Elmer 2D 
amorphous silicon detector, with a sample to detector distance of 22 cm and an x-ray energy 
of 86.7 keV. The resulting diffraction data had a usable Qmax of ∼25 Å-1. The software 
PDFgetX2 was used to obtain pair distribution functions from the x-ray scattering data.386 
5.2.5 Density Measurements 
Powder samples were lightly pressed into pellets, weighed and then loaded into a 
Micromeritics AccuPyc-2 1340 helium pycnometer for volume determination. The weight 
of each pellet was used along with its volume to determine the sample densities. All sample 
handling was performed in a glove box filled with dry nitrogen. 
5.2.6 Rietveld Analyses 
Rietveld refinements were performed using the General Structure Analysis System 
(GSAS)354 coupled with EXPGUI355 in order to determine unit cell constants as a function 
of temperature and pressure. A cation ordered cubic (Fm3̅m) model was used in these 
analyses (see Appendix D), with niobium replacing some of the zirconium. Good fits could 
be achieved with this cation ordered model regardless of composition. No attempt was 
made to incorporate excess fluoride into these analyses due to the limited range of the data 
in Q-space (Qmax ∼5.8 Å-1 for Cryostream and ∼4.6 Å-1 for DAC). Examples of fit quality 





Figure 5.1: Rietveld fits, using a cubic Fm?̅?m model, to the a) 300 K cooling and b) 0.1 GPa 
powder diffraction data for CaZr0.25Nb0.75F6.75. Tick marks for peaks from the sample 
(magenta) and NaCl pressure marker (black) are shown. The high Q data were scaled to show 
detail and shifted downwards so that the background levels appear to be the same. 
 
5.3 Results and Discussion 
5.3.1 Defect Mechanism and Local Structure 
The Ca[Zr(IV)1-xNb
(V)
x]F6+x samples were examined using x-ray total scattering. The 
resulting Pair Distribution Functions (PDFs), Figure 5.2, reveal very little difference 
between the local structures of each fluoride excess material and that of the parent phase 
 
 122 
cubic CaZrF6. This contrasts with reports for other fluoride excess ReO3-type materials. 
The PDFs for TiZrF7, YbZrF7, and Mg2-xZrxF4+2x show clear pair correlation peaks between 
3 and 4 Å that are not expected for a defect free cubic ReO3-structure.
178,180,181 In work on 
TiZrF7,
355 this peak was attributed to a new M-F distance resulting from the presence of 
edge-sharing polyhedra. However, it was proposed in work on YbZrF7
178 and for 
compositions in the Mg2-xZrxF4+2x system
181 that this peak arises from short M-M distances 
generated when polyhedra share edges rather than corners. If the current niobium 
substituted materials accommodated excess fluoride as interstitials by creating edge shared 
polyhedra, as proposed for TiZrF7, YbZrF7, and Mg2-xZrxF4+2x, then the PDFs for 
Ca[Zr(IV)1-xNb
(V)
x]F6+x  should also show a correlation peak in the range 3 - 4 Å. However, 
the PDFs (Figure 5.2) do not show such a peak, suggesting that either the excess fluoride 
is not present as interstitials or that it is incorporated into Ca[Zr(IV)1-xNb
(V)





Figure 5.2: Pair distribution functions derived from the x-ray total scattering data for 
Ca[Zr(IV)1-xNb(V)x]F6+x. 
To confirm that the aliovalent substitution of Nb5+ generates interstitial fluoride, and not 
cation vacancies, the density of each sample was measured. These values are compared to 
those calculated for both fluoride interstitial and cation vacancy defect models in Figure 
5.3a. There is a close match between the measured values and those predicted for the 
interstitial model. Those calculated for the cation vacancy model are significantly lower 
than the measured ones. These results clearly indicate that niobium substitution leads to 
the creation of interstitial fluoride. However, given the absence of a peak in the PDFs in 3 
-4 Å range, the interstitial fluoride is likely incorporated into the structure in a different 
way from that seen for TiZrF7, YbZrF7, and Mg2-xZrxF4+2x. It may be present as a terminal 
interstitial fluoride, rather than one bridging between two metal centers. Such a difference 
is not unreasonable, given that in Ca[Zr(IV)1-xNb
(V)
x]F6+x the Zr/Nb always has six Ca 
nearest neighbor cations, but the cation disorder in TiZrF7, YbZrF7, and Mg2-xZrxF4+2x, 
allows for Zr-Zr nearest neighbor cation pairs. 
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The room temperature lattice constants for Ca[Zr(IV)1-xNb
(V)
x]F6+x decrease with increasing 
Nb(V) content (Figure 5.3b). The values for CaZrF6 and CaNbF7 were taken from the 
literature.26,172 The experimental values are compared to those expected if the reduction in 
lattice constant is solely due to the replacement of six coordinate Zr4+ (ionic radius 0.72 Å) 
by six coordinate Nb5+ (0.64 Å) (purple dotted line Figure 5.3b) and also the replacement 
of six coordinate Zr4+ (0.72 Å) by seven coordinate Nb5+ (0.69 Å) (solid cyan line Figure 
5.3b) without any change in M-F-M link geometry. There is good agreement between 
experiment and the prediction based on the replacement of six coordinate Zr4+ by six 
coordinate Nb5+. However, as the density data clearly indicate that there is interstitial 
fluoride present, the coordination numbers for some cations must be greater than six, 
suggesting that structural distortions such as bending of M-F-M links must be present. The 




Figure 5.3: a) Densities and b) lattice constants versus composition for Ca[Zr(IV)1-xNb(V)x]F6+x. 
The lattice constants for x = 0 and 1 (CaZrF6 and CaNbF7) were obtained from the 
literature.26,172 Δ6 = (radius of 6 coordinate Zr4+ - radius of 6 coordinate Nb5+) = 0.08, and Δ7 
= (radius of 6 coordinate Zr4+ - radius of 7 coordinate Nb5+) = 0.03. 
5.3.2 Thermal Expansion 
The powder x-ray diffraction data were analyzed by the Rietveld method using a cubic 
Fm3̅m structure. The resulting unit cell volumes and coefficients of thermal expansion 
(CTEs) for CaZr0.75Nb0.25F6.25 are shown in Figure 5.4a. On initial heating (red) from ∼100 
K the material shows a steady decrease in volume until ∼300 K. At ∼300 K, the volume 
levels out and then decreases again on heating above 400 K. On cooling (blue) a smooth 
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increase in volume is observed. This strong dependence of the unit cell volume on thermal 
history suggests that the defects in the material, introduced by niobium substitution, can 
rearrange at temperatures close to ambient. Thermal history dependent behavior has 
previously been observed in the fluoride excess material YbZrF7.
178,179 On cooling from 
ambient to 100 K prior to recording the initial diffraction data, the defects are likely 
immobile on the time scale of the experiment and remain in their initial configuration, but 
on heating above 300 K they start to rearrange. On cooling back down from 500 K they do 
not revert to the original 300 K configuration as the cool down during the diffraction 
measurements is rapid when compared to the very long time period the sample had spent 
at 300 K prior to the start of the diffraction measurements. The CTE calculated from just 
the cooling data, Figure 5.4b, shows strong NTE across the entire temperature range, with 
maximum magnitude, v = -48 ppm K




Figure 5.4: a) Unit cell volume on heating (red)/cooling (blue) and b) volumetric coefficient 
of thermal expansion (CTE) calculated between every fifth point (purple) and from a six-
term polynomial (orange), which was fit to volume versus temperature for CaZr0.75Nb0.25F6.25. 
Similar to the x=0.25 sample, the response of CaZr0.5Nb0.5F6.5 to changes in temperature 
was highly dependent on its thermal history and the material displayed strong NTE on 
cooling from 500 K (Figure 5.5). On initial heating from 100 K, there is an anomaly in the 
thermal expansion at just above 300 K, which is likely associated with defect 
rearrangement/relaxation. On cooling from 500 K, the evolution of the unit cell volume 
with temperature is very different from that seen on heating, as the defects can’t relax back 
to their original 300 K arrangement on the time scale of the diffraction measurements. Very 
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strong NTE is seen at close to 500 K (v = -84 ppm K
-1 at 499 K), but it weakens below 
400 K (v = -31 ppm K
-1 at 403.3 K) and then increases again on cooling to the lowest 
temperatures (v = -46 ppm K
-1 at 129 K).  
 
Figure 5.5: a) Unit cell volume on heating (red)/cooling (blue) and b) volumetric coefficient 
of thermal expansion (CTE) calculated between every fifth point (purple) and from six-term 
polynomial fit to volume curve (orange) versus temperature for CaZr0.5Nb0.5F6.5. 
The thermal expansion of the sample with most niobium substitution, CaZr0.25Nb0.75F6.75, 
showed the greatest dependence on thermal history (Figure 5.6), which is perhaps not 
surprising as it contains the greatest concentration of fluoride interstitials. Once again, there 
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is a major anomaly in the thermal expansion at just above 300 K on first heating the sample, 
and on cooling strong negative thermal expansion is observed. 
 
Figure 5.6: a) Unit cell volume on heating (red)/cooling (blue) and b) volumetric coefficient 
of thermal expansion (CTE) calculated between every fifth point (purple) and from six-term 
polynomial fit to volume curve (orange) versus temperature for CaZr0.25Nb0.75F6.75. 
A comparison of the negative thermal expansion seen for Ca[Zr(IV)1-xNb
(V)
x]F6+x, on cooling 
from 300 K, with that  reported for  CaZrF6 and CaNbF6  is given in Table 5.1. The 
introduction of niobium (V), along with fluoride interstitials, into CaZrF6 clearly affects 
the thermal expansion of the material. However, the very strong dependence of thermal 
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expansion on a samples thermal history indicates that this substitution is likely not a viable 
means of creating useful controlled thermal expansion materials.  
Table 5.1 Comparison of CTEs at select temperatures for Ca[Zr(IV)1-xNb(V)x]F6+x with those 
for CaZrF6 and CaNbF6.26,365 The values were obtained from the data recorded while cooling 
from 500 K. 
 v(120K) v(300K) v(450K) 
CaNbF6 -67.3 -36.0 -24.7 
CaZrF6 -52.6 -34.6 -25.6 
CaZr0.75Nb0.25F6.25 -49.0 -32.6 -23.5 
CaZr0.5Nb0.5F6.5 -45.9 -31.5 -42.1 
CaZr0.25Nb0.75F6.75 -12.1 -21.4 -60.7 
5.3.3 Response of Ca[Zr(IV)1-xNb(V)x]F6+x to Compression 
Both the high-pressure powder x-ray diffraction data and the variable temperature 
diffraction data were collected using material from the same syntheses. However, the 
material used in the high-pressure measurements was not subject to any temperature 
change prior to data collection.  
CaZr0.75Nb0.25F6.25 undergoes two phase transitions on compression up to 8 GPa (Figure 
5.7a).  At ∼0.68 GPa the cubic ReO3 structure transforms to phase that could not be 
indexed, but  appear to be same as that previously seen on compressing CaNbF6.
365 This 
phase persists up to ∼2.5 GPa. Above this pressure, a gradual transition to a highly 
disordered material begins. On partial decompression to ∼3 GPa, peaks indicative of the 
initially formed high-pressure phase reappear.  
EoSFit7359 was used to fit a 3rd order Birch Murnaghan equation of state to the unit cell 
volume versus pressure values obtained from Rietveld analyses of the diffraction data for 
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the cubic ReO3-type phase (Figure 5.7b). This led to an estimated zero pressure bulk 
modulus of 40.5(8) GPa and K0
’= -25(1), which is indicative of pronounced pressure-
induced softening. These values are very close to those previously reported for CaZrF6 [K0
 
= 42.1(8) GPa and K0
’= -26(1)].26 
 
Figure 5.7: a) X-ray powder diffraction data versus pressure and b) unit cell volume versus 
pressure for cubic CaZr0.75Nb0.25F6.25 along with the best fit using a 3rd order Birch-
Murnaghan equation of state (red). 
The behavior of CaZr0.5Nb0.5F6.5 compression is very different from that of the x=0.25 
sample, Figure 5.8a. Again, the material undergoes a symmetry lowering phase transition 
at modest pressures, 0.73 GPa. However, the diffraction data shows peak splitting 
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indicative of an octahedral tilting transition to a rhombohedral (R3̅) structure. Transitions 
of this type are commonly seen on the compression or cooling of cubic ReO3-type 
fluorides.26,147,151,158,344,365,379,385  The diffraction data for this phase were fit to a 
rhombohedral model (Figure D.7) and lattice constants determined (Figure D.9). Like other 
ReO3-connectivity rhombohedral fluorides, it display highly anisotropic elastic behavior 
with negative linear compressibility parallel to the crystallographic c-axis (Figure 
S9).248,249,379,385 The rhombohedral phase is elastically very soft, with a bulk modulus of ∼ 
3- 7 GPa in the pressure range 0.7 – 1.1 GPa (Figure D.11). On further compression, the 
rhombohedral phase quite abruptly undergoes a further transition at ∼1.1 GPa to a poorly 
ordered material with a single strong peak at Q ∼1.6 Å-1. This peak is no longer present at 
the highest pressure, leaving only the NaCl peaks and a fully amorphized sample (Figure 




Figure 5.8: a) X-ray powder diffraction data versus pressure, and b) unit cell volume versus 
pressure for cubic CaZr0.5Nb0.5F6.5 along with the best fit using a 3rd order Birch-Murnaghan 
equation of state (red). The starting pressure for the experiment was ∼0.1 GPa. 
While increasing the niobium (V) content of the sample from x = 0.25 to 0.5 altered the 
sequence of phases seen on compression, the elastic properties of the cubic phase changed 
little. A 3rd order Birch-Murnaghan equation of state, fit to volume versus pressure Figure 
5.8b, indicates a zero-pressure bulk modulus of 37.4(8) GPa and significant pressure-
induced softening, K0
’= -23(1).  
The highest niobium content sample, CaZr0.25Nb0.75F6.75, shows similar behavior on 
compression to that seen for the x = 0.5 composition. The diffraction data (Figure 5.9a.) 
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indicate a cubic to rhombohedral transition at 0.77 GPa and a further transition at ∼1.3 
GPa. The peaks from this later phase exhibit broadening on compression.  
 
Figure 5.9: a) X-ray powder diffraction data versus pressure, and b) unit cell volume versus 
pressure for cubic CaZr0.25Nb0.75F6.75 along with the best fit using a 3rd order Birch-
Murnaghan equation of state (red). The starting pressure for the experiment was ∼0.1 GPa. 
A 3rd order Birch-Murnaghan equation of state fit to volume versus pressure, Figure 5.9b, 
indicates that CaZr0.25Nb0.75F6.75 has very similar elastic properties to the lower niobium 
content samples and CaZrF6. The zero-pressure bulk modulus was estimated to be 40.8(8) 
GPa with a pressure derivative, K0
’, of -24(1).  
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Rietveld fits to the diffraction data for the rhombohedral phase were conducted, but the 
presence of scattering between the peaks for the rhombohedral phase made the refinements 
difficult (Figure D.12). The rhombohedral phase displayed highly anisotropic properties, 
with negative compressibility parallel to the c-axis (Figure D.14 and Figure D.15). The 
phase was very soft and did not stiffen dramatically on compression (Figure D.16). The 
response to pressure of the rhombohedral phases with x= 0.5 and x=0.75 are comparable 
to those reported for other rhombohedral ReO3-connectivity fluorides.
248,249,379,385 
The behavior of Ca[Zr(IV)1-xNb
(V)
x]F6+x  on compression is summarized and compared with 
that previously reported for x = 0,  in Table 5.2. While all three niobium substituted samples 
show a crystalline to crystalline phase transition at ∼0.6 GPa, the phase formed above this 
pressure is not the same for the x = 0.25 sample as that for both the x = 0.5 and 0.75 
samples. While all three niobium substituted materials became disordered at higher 
pressures than CaZrF6, the extent of the disorder differs for all four materials. It is notable 
that niobium substitution has very little effect on the zero-pressure bulk modulus or 
pressure-induced softening of the cubic phase. The occurrence of low pressure phase 
transitions apparently involving octahedral tilting and the very similar bulk moduli for all 
Ca[Zr(IV)1-xNb
(V)
x]F6+x stands in stark contrast to the behavior seen in the Mg2-xZrxF4+2x 
system.181 In Mg2-xZrxF4+2x compositions, the aliovalent substitution of Zr
4+ for Mg2+, 
along with the incorporation of interstitial fluoride, suppressed the cubic to rhombohedral 
transition seen in MgZrF6 and led to a significant increase in the zero pressure bulk 
modulus of the cubic phase. The suppression of the phase transition and elastic stiffening 
is consistent with the creation of edge-sharing polyhedra, which are expected to inhibit the 
correlated to tilting of framework polyhedra and generally stiffen the structure. 
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Table 5.2: Summary of the observed response to pressure for Ca[Zr(IV)1-xNb(V)x]F6+x. Values 
for x =0 are from a prior report,26 where K0’ was only given for the analysis of unit cell volume 
versus both pressure and temperature. 
 x=0 x=0.25 x=0.5 x=0.75 
First crystalline to 
crystalline phase 
transition (GPa) 
N/A 0.68(1) 0.73(1) 0.77(2) 
Disordering 
pressure (GPa) 
0.4 ∼2.5 ∼1.1 ∼1.3 
K0 for the 
cubic phase (GPa) 
42.1(8) 40.5(8) 37.4(8) 40.8(8) 
K0’ -26(4) -25(1) -23(1) -24(1) 
 
5.4 Conclusions 
Density measurements indicate that the replacement of ZrIV, in CaZrF6, by Nb
V to create 
fluoride excess compositions Ca[Zr(IV)1-xNb
(V)
x]F6+x involves the creation of fluoride 
interstitials, not cation vacancies. However, x-ray total scattering data for Ca[Zr(IV)1-
xNb
(V)
x]F6+x, show no evidence of a pair correlation peak in the range 3-4 Å, which has 
previously been attributed to the conversion of corner sharing polyhedra to edge shared 
units in related fluoride excess systems.173,178-181 This suggests that the mechanism by 
which interstitial fluoride is incorporated into Ca[Zr(IV)1-xNb
(V)
x]F6+x is different from that 
seen in TiZrF7, YbZrF7, and Mg2-xZrxF4+2x.
178,180,181 The substitution of NbV, along with 
excess fluoride, into CaZrF6 modifies the thermal expansion of the material. However, the 
thermal expansion of Ca[Zr(IV)1-xNb
(V)
x]F6+x depends strongly on the samples thermal 
history, indicating that the defects in these materials are mobile and can relax at quite low 
temperatures. On compression, Ca[Zr(IV)1-xNb
(V)
x]F6+x with x= 0.25, 0.50, and 0.75 all 
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undergo crystalline to crystalline phase transitions at ∼0.7 - 0.8 GPa and for the latter two 
samples this transition apparently involves the correlated tilting of framework polyhedra 
to generate a rhombohedral structure. This is not consistent with the presence of edge 
sharing polyhedra, as such units would inhibit the correlated tilting of framework 
polyhedra. However, it is unclear how the fluoride interstitials are incorporated into the 
structure so that this cooperative tilting can occur. The elastic properties of cubic Ca[Zr(IV)1-
xNb
(V)
x]F6+x are largely independent of composition, once again suggesting that the 
incorporation of interstitial fluoride does not lead to the formation of edge shared 
polyhedra, which would likely stiffen the structure. 
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CHAPTER 6. SYNTHESIS OF DEFECT PEROVSKITES (He2-
xx)(CaZr)F6 BY INSERTING HELIUM INTO THE NEGATIVE 
THERMAL EXPANSION MATERIAL CaZrF64 
6.1 Introduction  
Materials with a perovskite derived crystal structure are of great technological and 
mineralogical significance. This is in part because the parent cubic perovskite structure, 
with formula ABX3, can accommodate a very wide range of substitutions and structural 
distortions. Common distortions include cooperative tilting of the corner sharing BX6 
octahedra369,387,388 and off-center displacement of B and/or A-site cations.389  Compositions 
where X is oxide, nitride and halide, or mixtures of them are common place. Metals from 
almost any region of the periodic table can be found on the B-sites for compositions with 
appropriately chosen species on the A and X site. Even perovskites with the noble gas Xe 
on the B-site have been reported.305 The A-site is also amenable to many substitutions 
including the incorporation of small organic cations, which is attracting much attention due 
to their utility in preparing halide-based perovskites with good photovoltaic properties,390 
and also, intriguingly, diatomic nitrogen.391-393 The inclusion of small neutral species, such 
as dinitrogen, onto the A-site of defect perovskites has been suggested as a means of 
controlling the band gap in semiconductors such as WO3.
391 However, the reported 
syntheses for dinitrogen containing defect perovskites rely upon the adventitious trapping 
                                                 
4 Published in J. Am. Chem. Soc., 2017, 139(38), pp 13284-13287 
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of dinitrogen on the A-site as a nitrogen rich precursor is thermally decomposed. In this 
paper we report the direct and well-controlled synthesis of defect perovskites (He2-
xx)(CaZr)F6 by inserting helium gas into the initially vacant A-sites of the negative 
thermal expansion (NTE) material CaZrF6.
26 These materials can be recovered to ambient 
pressure at low temperature. There have been no prior experimental reports of perovskites 
containing significant amounts of helium, although there have been computational studies 
of noble gases included in WO3.
394 
Metal fluorides with cubic ReO3-type structures, such as ScF3,
25 CaZrF6
26 and other 
BB’F6
344,365 are attracting attention due to their unusual thermal expansion characteristics. 
As NTE framework materials typically display rich behavior at modest pressures, and 
potential applications can expose them to significant stress from thermal expansion 
mismatch, it is important to understand their response to pressure. 
6.2 Experimental 
6.2.1 Synthesis 
CaF2 and ZrF4 were purchased from Sigma Aldrich and STREM Chemicals respectively. 
Moisture sensitive compounds were handled in a glove box under nitrogen. A 
stoichiometric mixture of CaF2 and ZrF4 were mixed and ground together. The mixture 
was pressed into a pellet. The pellet was placed into a nickel tube, which was sealed by arc 
welding in an argon atmosphere. The nickel tube was sealed then in an evacuated fused 
quartz ampule. The ampule was heated to 750 °C (4.03 °C /min), held at 750 °C for 2 days, 
and cooled to 25 °C (1 °C /min). The resulting white powder was determined to be pure 
CaZrF6 by power x-ray diffraction. 
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6.2.2 Neutron Powder Diffraction Measurements 
Low-temperature high-pressure neutron powder diffraction measurements were performed 
at the SNAP beamline of the Spallation Neutron Source, Oak Ridge National Laboratory. 
The CaZrF6 was contained in a thin walled aluminum can, which was placed inside an 
aluminum Harwood Engineering pressure cell. A custom engineered radial collimator with 
gadolinium foil blades, which was clamped to the pressure cell body, was used to block 
scattering from the aluminum pressure cell. A closed cycle refrigerator partially 
counteracted by two 50 Ω cartridge heaters was used to control the temperature of the 
sample. Powder diffraction data were recorded on two detectors banks, with one centered 
at 2θ ∼84.8° and the other at 2θ ∼48.1°. The helium pressure in the sample cell was raised 
in steps of 50 MPa from ambient to 450 MPa at 300 K. At each pressure a neutron powder 
diffraction pattern was recorded. The sample was then decompressed to ambient pressure 
in 50 MPa steps and then recompressed up to 500 MPa. Data were taken at each pressure. 
The pressure was maintained while cooling the sample to 70 K. Diffraction data were then 
collected every 50 MPa on decompression. The temperature was raised to 130 K and data 
were collected every 50 MPa on compression. The pressure was then released to ambient. 
This process of heating, compressing, and venting was repeated for temperatures of 190 
and 250 K, and finally at 300 K an ambient pressure data set was collected. The pressure 
transmitting gas was then changed to nitrogen. Data were collected at 290, 240, 200 and 
150 K on cooling at ∼2MPa. The sample was warmed to 290 K and compressed to ∼300 
MPa in ∼100 MPa steps. Data were recorded at each pressure. The sample was then cooled 
at pressure to 160 K, decompressed to ∼2 MPa and then compressed to ∼500 MPa in ∼100 
MPa steps. Data were collected at each pressure. 
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6.2.3 Direct Measurements of Helium Uptake by CaZrF6 
Helium uptake by CaZrF6 was quantified by measurement of the gas released on warming 
a sample that had been loaded with helium at high pressure and then cooled under pressure 
to 100 K. These measurements were performed “off-line” at the Spallation Neutron Source 
using the same pressure cell design as employed in the earlier neutron diffraction studies 
along with a top loading closed cycle refrigerator. In order to quantify the helium inserted 
into the CaZrF6, a known amount of sample was placed in a pressure cell. The dead space 
over the sample in the cell was determined by the expansion of low pressure helium into a 
calibrated volume.  The sample was then exposed to high-pressure helium and cooled down 
to 100 K while maintaining the helium pressure. At 100 K, all the gas over the sample was 
pumped out of the system. The sample was then sealed off from the pumping system. The 
temperature was then raised to 150, 175, 200, 225, 250, 275, and 298 K holding for 30 
minutes at each step. The pressure in the dead space over the sample was logged during 
the warming process. These pressure data along with the previously determined dead space 
volume were used to calculate the amount of helium released from the sample. 
6.3 Results and Discussion 
6.3.1 CaZrF6 Response to Compression in Helium and Nitrogen Gas 
ReO3-type materials such as ScF3 and CaZrF6 are not typically viewed as porous, as the 
crystallographically determined F-F distances defining the “aperture” between the empty 
A-sites in this structure are only 4.01 and 4.23 Å respectively at room temperature. 
However, high-pressure neutron diffraction studies of CaZrF6 using gas media reveal very 
different behavior on compression in nitrogen and helium (Figure 6.1A), indicating that 
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the material is porous to helium at room temperature. In nitrogen, at 300 K the unit cell 
volume decreases linearly on compression and the bulk modulus estimated from these data 
(K0 = 36.7(2) GPa) is similar to that previously reported for compression in silicone oil 
using a Diamond Anvil Cell (K0 = 36.5(5) GPa) or large volume cell equipped with a 
BRIM353 (K0 = 37.6(6) GPa).
26  In line with the disordering seen at > 400 MPa in silicone 
oil at room temperature, compression in nitrogen at 160 K led to amorphization at ∼500 
MPa (Figure E.1).    
 
Figure 6.1 A) Unit cell volume of CaZrF6 with increasing pressure in helium at 300 K (blue) 
and nitrogen at 290 K (red) gas. B) Change in unit cell volume for CaZrF6 in helium at 300 
K on compression (orange), decompression (green), and recompression (purple), cooled at 
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pressure to 70 K, decompressed at 70 K (blue), compressed at 130 K (red), compressed at 190 
K (dark green), compressed at 250 K (black), and returned to ambient pressure at 300 K 
(cyan). Error bars are smaller than the symbols. 
In contrast to the behavior in nitrogen, when compressed in helium at 300 K the unit cell 
volume for CaZrF6 initially decreases, but above ∼350 MPa it increases on further 
compression. This surprising result can be attributed to the insertion of helium into CaZrF6. 
This behavior is reproducible on decompression and recompression at 300 K (Figure 6.1B). 
It is worth noting that expansion on compression in fluid media, due to the insertion of 
water, has also been seen in zeolites201 and that an ammonium metal formate has recently 
been shown to take up neon at high pressure, but not argon.395 In silicone oil at 300 K, and 
nitrogen at low temperature (Fig. S1), compression to ∼500 MPa leads to a loss of order 
in the crystal structure,26 which does not reverse on decompression. However, the insertion 
of helium stabilizes the structure against this process; a comparison of diffraction data at 
0.075 MPa (Figure E.2) and 500 MPa (Figure E.3) at 300 K in helium reveal no loss of 
crystallinity, and the sample did not lose crystallinity, as judged by the absence of any 
significant change in peak to background ratio, throughout the reported neutron diffraction 
measurements in helium (Figure E.4). The stabilization of porous silicates against 
disordering, or amorphization, on compression by the insertion of guest species has 
previously been reported for a number of materials, for example, silicalite.396 
 After cooling from 300 to 70 K under a pressure of ∼475 MPa, the decrease of the unit 
cell volume on decompression is linear and implies a bulk modulus of 55.5(2) GPa, which 
is much higher than that observed at 300 K in nitrogen. This behavior, and that revealed by 
diffraction measurements as the sample was compressed/decompressed at successively 
higher temperatures (Figure 6.1B and Figure E.5) is consistent with the helium being 
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trapped, on the time scale of the experiment (∼40 minutes for data collection and a pressure 
increase of 50 MPa), in the CaZrF6 framework at 130 K and below. The inclusion of helium 
not only stiffens the material (K70K = 55.5(2) GPa, K130K = 53.0(1) GPa), it modifies the 
thermal expansion. Prior ambient pressure neutron diffraction measurements indicate that 
CaZrF6 has an expansion coefficient, αv, of -52(2) ppm K
-1 at 100 K. However, the current 
data show that a sample prepared by inserting helium into CaZrF6 at ∼475 MPa and then 
cooling under pressure, has an expansion coefficient, αv, of -31(1) ppm K
-1 at 100 K. The 
reduction in the magnitude of the expansion is not surprising, as the insertion of any species 
into the A-site cavities will impeded the transverse vibrational motion of the fluoride that 
is responsible for the NTE. It is notable that the deliberate insertion of lithium into redox 
active ReO3-type fluorides has recently been demonstrated as a strategy for controlling the 
thermal expansion of such materials.161 
 
Figure 6.2 Helium release versus time and temperature for a sample of (He2-xx)(CaZr)F6 
that had been cooled down to 100K under a helium pressure of ∼500 MPa. 
The amount of helium inserted into CaZrF6 was quantified by warming gas-loaded samples 
to room temperature and monitoring the pressure in the sample head space (Appendix E). 
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The major source of uncertainty in these measurements is likely to be the determination of 
the sample head space volume, which could be in error by up to 10%. Figure 6.2 shows the 
amount of helium released as a function of time and temperature for a sample loaded with 
helium at ∼500 MPa. These data indicate that the CaZrF6 had 54(5)% of its A-sites filled, 
corresponding to a defect perovskite with composition (He1.080.92)(CaZr)F6. On the time 
scale of the measurements, there is no helium release at 150 K and the gas can be 
considered to be trapped. On warming, the rate of helium release increases quite 
dramatically, but even at close to room temperature the time scale for helium release is 
minutes not seconds. 
Helium uptake measurements were also performed for loadings at 300 MPa and 150 MPa. 
As expected, at lower pressures a smaller fraction of the available A-sites were filled (21(2) 
% and 0.8(1) % respectively). However, when the same sample of CaZrF6 was 
subsequently loaded with helium at 400 MPa, the gas uptake was much lower than 
anticipated (only 3.9(4) % of A-sites filled). As the data in Figure 6.2 indicate that the time 
scale for helium insertion at room temperature is of the order of minutes, and CaZrF6 is 
known to disorder on compression to 400-500 MPa when there is nothing on the A-sites, 
the reduction in uptake during the final loading with helium at 400 MPa is almost certainly 
due to sample degradation. When the helium pressure is increased rapidly an irreversible 
disordering occurs before enough helium is inserted to stabilize the ReO3-type structure. 
This interpretation suggests that the A-site occupancies shown in Figure E.6 for 500, 300, 
and 150 MPa represent a lower limit of what should be achievable with a pristine sample. 
In order to both locate and confirm the quantity of helium in (He2-xx)(CaZr)F6, Rietveld 
analyses of the neutron diffraction data were performed. Figure 6.3A shows a fit to 70 K, 
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500 MPa data with an Fm3̅m model for CaZrF6 and no helium on the A-sites. The residual 
plot shows significant features well above the noise level of the data. Figure 6.3B shows a 
fit where helium was placed on the A-site of the perovskite with an occupancy of 0.54 and 
its isotropic thermal parameter refined (Uiso = 0.045(3) Å
2). The inclusion of helium in the 
model significantly improved the fit quality.  Refinements were carried out for all of the 
neutron diffraction data acquired in helium. The A-site occupancies (Figure E.9) clearly 
show that at both 250 and 300 K helium goes into the structure as the pressure is increased, 




Figure 6.3 Rietveld fits to powder neutron diffraction data recorded on SNAP using a Fm?̅?m 
model for CaZrF6 A) containing no helium, detector bank 2 (2 ∼48°), RF2= 27.4%, and B) 
using (He2-xx)(CaZr)F6 with x = 1.08 detector bank 2, RF2=18.0 %. 
 
6.4 Conclusions 
The penetration of helium into materials that are not typically viewed as porous is quite 
well known and can hinder the use of helium as a truly inert hydrostatic medium for high-
pressure experiments. For example, molecular solids such as C60
298 and arsenolite299,300 
take up significant amounts of helium. The silica clathrate melanophlogite,304 which has a 
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type-I gas hydrate related structure, and both silica glass302,303 and cristobalite,301 which are 
denser than the clathrate framework,  behave differently when compressed in helium versus 
media containing much larger molecules. In helium, they display higher bulk moduli, due 
to the insertion of helium, and it has been estimated that for silica glass the lower limit for 
helium solubility at 10 GPa is 1 mole of helium per mole of SiO2.
302The penetration of 
hydrogen at 250 °C and high pressures into silica glass397 and cristobalite398 has also been 
reported.  
Helium is much more soluble in CaZrF6 than silica glass at low (< 1 GPa) pressure, with 
approximately 1 mole of helium per mole of CaZrF6 being taken up at ∼500 MPa. This 
helium can be retained in the structure by cooling and then subsequently released on 
warming to room temperature, suggesting applications in gas storage. Temperature 
regulated uptake and release of gases in zeolitic materials is quiet well known,251,399 
particularly in materials showing a trapdoor like effect involving the thermally activated 
motion of extra-framework cations, and it has previously been proposed as a method for 
hydrogen storage.399 It is notable that if a perovskite with one hydrogen per A-site could 
be prepared, (H2)2(CaZr)F6, it would have a volumetric storage capacity of 0.044 kg H2/L, 
which exceeds the US DOE 2025 technical target for hydrogen storage in fuel cell vehicles 
(0.04 kg H2/L).
400 
The preparation of (He2-xx)(CaZr)F6 is a significant extension of perovskite chemistry to 
include the controlled synthesis of materials with small gas molecules on the A-site. 
Modification of composition, to tune the effective pore size of the ReO3-type framework, 
and the temperature at which gases are inserted into the parent material, should allow other 
gases to be incorporated into perovskites and their uptake and release pressures to be 
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controlled. We anticipate that this new family of hybrid perovskites will display a rich 
crystal chemistry as composition, temperature and pressure are varied. 
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CHAPTER 7. PREPARATION AND PROPERTIES OF THE 
PEROVSKITES [He2][CaZr]F6, [He]2[CaNb]F6, AND 
[He2][CaNbIV0.5NbV0.5]F6.5 
7.1 Introduction 
Helium, as a member of the “noble gases”, is notoriously unreactive due to its stable closed 
shell electron configuration and high ionization energy. While the other noble gases have 
a reasonably extensive chemistry, helium containing compounds remain rare.275-278 Helium 
forms inclusion compounds such as clathrates, the first of which was formed with ice II at 
modest pressures.291 Helium was subsequently predicted and shown to form other 
compounds including ones where van der Waals interactions dominate, such as 
Ne(He)2.
279-283,289,290,292 Recently theoretical and experimental studies verified the creation 
of Na2He at high pressures, which is believed to be a high-pressure electride.
293 New high-
pressure helium compounds are expected to form between helium and other ionic 
compounds.295 Helium has also been shown to penetrate some materials that are not 
generally viewed as porous, including silica glass, cristobalite, C60, arsenolite, and the silica 
clathrate melanophlogite.298-304 
Although several new helium compounds have recently been reported, such compounds 
are still rare. However, it has been recently shown that helium will insert into the ReO3-
type material CaZrF6.
401 There are many fluorides of this type,150,158,162,166,168,171,385 several 
of which show large isotropic negative thermal expansion (NTE).25,26,344,365,379 The 
insertion of helium under pressure resulted in the formation of a defect perovskite with the 
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chemical formula of [He2–xx][CaZr]F6. Perovskites with Xe on the B-site have been 
previously reported, and it has also been suggested that dinitrogen can be trapped in WO3 
form a defect perovskite.305,394 However, (He2–xx)(CaZr)F6 is the first example of a 
perovskite containing helium. 
The current work builds on the previous study of helium insertion into CaZrF6, which was 
limited to a maximum pressure of 0.5 GPa leading to x  ∼1.0 for [He2–xx][CaZr]F6.401 
High-pressure synchrotron diffraction experiments, using diamond anvil cells along with 
helium and neon as pressure media, were performed to estimate the pressure required for 
formation of the stoichiometric perovskite [He2][CaZr]F6 and examine the high-pressure 




was also examined to determine if this gas could be inserted at room temperature into 




0.5F6.5 is an 
anion excess ReO3-type material, which probably has a similar structure to that of the 
Ca(Zr1-xNbx)F6+x materials discussed in Chapter 5 of this thesis. 
7.2 Experimental 
7.2.1 Synthesis 
CaF2 (99.5%, Sigma Aldrich) and ZrF4 (99.9%, STREM) were used to prepare CaZrF6 via 
solid state reaction using a procedure adapted from Hancock el al.26 A 1:1 molar ratio of 
starting materials was thoroughly ground together under dry nitrogen. The reactant mixture 
was pressed into a pellet and loaded into a nickel tube. The tube was sealed by arc welding 
under argon and then sealed inside an evacuated fused silica ampoule. The reaction mixture 
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was heated to 750 °C, held at 750 °C for 48 h, and then cooled to room temperature. The 
product was a white powder, containing ∼3 wt % CaF2 impurity. 
NbF5 (99.5%, STREM), Nb (99.8%, Alfa Aesar) and CaF2 (99.5%, Sigma Aldrich) were 




0.5F6.5 via solid state reaction using a procedure 
adapted from Chassaing et al.163 5:4:1 and 10:9:1 molar ratios of CaF2:NbF5:Nb were used 




0.5F6.5 respectively. The reactants were ground 
together under dry nitrogen and then placed into a nickel tube, which was sealed by arc-
welding under argon. The nickel tube was then sealed in an evacuated fused silica ampoule. 
The samples were heated from room temperature to 300 °C, held at 300 °C for 48 h, heated 
to 520 °C, held at 520 °C for 72 h, and cooled down from 520 °C to room temperature over 
24 h. The products were grey powders. 
7.2.2 High-Pressure Diffraction Measurements  
High-pressure powder x-ray diffraction data were collected using GSE CARS beamline 




0.5F6.5) and the 17-BM (CaNbF6) beamline of the 
Advanced Photon Source, Argonne National Laboratory. Diffraction data were recorded 
on Perkin-Elmer amorphous silicon 2D detectors using wavelengths of 0.3340 Å (13-
BMD) and 0.45428 Å (17-BM). The measurements at 17BM used a ∼100 μm diameter 
beam and those at 13BMD employed a defocused beam in order minimize difficulties with 
sampling statistics. In each experiment, the samples were compressed in BX-90 diamond 
anvil cells equipped with 800 μm cullet diamonds and stainless-steel gaskets (400 μm 
holes). Helium and neon, loaded using the high gas loading systems at GSE CARS, were 
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used as pressure transmitting media.402 The known equation of state and the measured 
lattice constants of CaF2 or NaCl were used to determine the pressure.
352,403 
7.2.3 Reduction, Le Bail, and Rietveld Analyses of the Powder Diffraction Data  
The 2D powder diffraction data were integrated and the resulting 1D data background 
subtracted using DIOPTAS.404 Le Bail and Rietveld refinements were performed using the 
General Structure Analysis System (GSAS), or GSAS II, coupled with EXPGUI to 
determine unit cell volume as a function of pressure.354,355,405 A cation-ordered cubic ReO3-
type model (Fm3̅m) was used in all the Le Bail and Rietveld analyses (see 0 details). In the 
Rietveld analyses of the data for the cubic and rhombohedral phase CaNbIV0.5Nb
V
0.5F6.5 
sample, no attempt was made to incorporate excess fluoride due to the limited quality and 
range of the data (Qmax ∼7 Å-1). The NbIV and NbV were assumed to be on the same 
crystallographic site and good fits were achieved.  
7.3 Results and Discussion 
7.3.1 Response of CaZrF6 to Compression in Helium and Neon  
Two independent high-pressure diffraction experiments using CaZrF6 in a helium pressure 
medium were conducted. In one case CaF2 was used as an internal pressure standard and 
in the other NaCl was used. Rietveld fits to the data recorded at the starting pressures (0.28 
GPa and 0.21 GPa) for these measurements are shown in 0 (Figure F.1 and Figure F.2). 
The overall fit quality is quite good. However, in both cases there are two impurity peaks 
at ∼1.2 and 1.7 Å-1. These peaks were not present in the diffraction pattern of the sample 
prior to grinding the material for loading into the DACs, but we have previously observed 
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them for samples of CaZrF6 and related materials that have been heavily ground
385 
suggesting that this phase arises from the stresses generated during grinding and gas 
loading the sample. As the peaks from the impurity do not overlap significantly with those 
from cubic CaZrF6, they should not adversely affect the lattice constants estimated for 
CaZrF6.  
High Q data from the set of measurements in helium with NaCl as the pressure standard 
are shown in Figure 7.1a. Interestingly, the peaks from cubic CaZrF6 visibly shift to lower 
Q between ∼0.3 and 0.7 GPa, indicating an increase in unit cell volume due to the insertion 
of helium into the empty “A site” of ReO3-type structure. This is in agreement with our 
previously reported (0 - 0.5 GPa) neutron diffraction study, but shows that helium 
continues to be inserted up until at least ∼0.7 GPa.401 Peaks from the resulting helium 
containing perovskite [He2][CaZr]F6 persists up to ∼3.5 GPa where amorphization occurs. 
No sample peaks remain above ∼6 GPa. This behavior contrasts with that seen on 
compression in neon (Figure 7.1b). The CaZrF6 begins to disorder at pressures above ∼0.5 
GPa, which is consistent with the previously reported behavior in silicone oil,26 indicating 




Figure 7.1: High-pressure x-ray diffraction data for CaZrF6 in a) helium and b) neon. Peaks 
from the NaCl pressure standard are marked *. 
Unit cell volume versus pressure in helium, obtained using Le Bail fits, are shown in Figure 
7.2. The two sets of experiments with different internal pressure standards are in very good 
agreement. The unit cell volume increases until ∼0.7 GPa due to the insertion of helium. 
The inserted helium stabilizes the cubic perovskite up to ∼3.5 GPa. There is an almost 
linear variation of unit cell volume with pressure between ∼1 and 3.5 GPa. A linear fit to 
lnV vs P over the range 1.5 - 3.6 GPa gave estimated bulk moduli of 48.83(3) and 45.66(2) 




Figure 7.2: A comparison of unit cell volume for CaZrF6 versus pressure in a helium for 
experiments with NaCl and CaF2 as pressure calibrants. Inset shows details of low pressure 
behavior. 
7.3.2 Response of CaNbF6 to Compression in Helium  
The high-pressure diffraction data for CaNbF6 in helium (Figure 7.3a) indicate that the gas 
is inserted into the structure as the pressure is increased, in a similar fashion to CaZrF6. At 
low pressure, the unit cell volume initially decreases and then increases before going 
through a maximum at ∼0.9 GPa (Figure 7.3b). This unusual behavior is due to the 
insertion of helium into the ReO3-type structure of CaNbF6, which creates a new perovskite 
material with helium on the A-site. Presumably, above ∼1.0 GPa the material is saturated 
with helium giving rise to [He2][CaNb]F6. Even though CaNbF6 has a smaller lattice 
constant (a = 8.394 Å at 300 K and 1 bar) than CaZrF6 (a = 8.476 Å at 300 K and 1 bar), 
penetration of helium into the structure is possible at room temperature on the time 
scale of the diffraction measurements (∼10 minutes to increase pressure and take 
data). A linear fit to ln(V) versus P in the pressure range 1.4 to 3.7 GPa suggests that the 
perovskite has a bulk modulus of 51.47(2) GPa, which is slightly higher than that found 
for [He2][CaZr]F6 over a similar pressure range. 
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 In non-penetrating media CaNbF6 has been reported to undergo a crystalline to crystalline 
phase transition at ∼0.4 GPa and amorphization at ∼4 GPa.365 In the current experiment,  
the perovskite generated by helium insertion is stable up to the highest pressures recorded 
∼3.7 GPa. However, there is some loss of peak intensity on compression, which might 
indicate an amorphization at pressures just above 3.7 GPa.  
 The diffraction data for CaNbF6 show some quite broad peaks at low Q from an impurity 
phase (Figure F.3). They may arise from the creation of a new high-pressure phase when 
grinding or pressurizing the sample. This type of impurity has been previously reported for 
ZnNbF6 and was also seen to a lesser extent in the previously discussed CaZrF6 data.
385 




Figure 7.3: a) High-pressure x-ray diffraction data and b) unit cell volume versus pressure 
for CaNbF6 compressed in helium. Peaks from the NaCl pressure standard are marked *. 
7.3.3 Response of CaNbIV0.5NbV0.5F6.5 to Compression in Helium and Neon  
High-pressure diffraction data for CaNbIV0.5Nb
V
0.5F6.5 in helium and neon are shown in 
Figure 7.4a and b respectively.  Two different runs were performed in helium. Unit cell 
volume versus pressure is shown for both in Figure 7.5. The response of this material to 
compression in helium indicates that, like CaZrF6 and CaNbF6, this gas inserts into the 
structure even though the lattice constant for CaNbIV0.5Nb
V
0.5F6.5 is slightly smaller than 
that for CaNbF6 and there is interstitial fluoride present which might be expected to impede 
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the motion of helium within the solid. At low pressure (< 0.9 GPa) the unit cell gets larger 
as the pressure increases due to the insertion of helium. The helium containing perovskite 
persists to ∼4.5 GPa and amorphizes at higher pressures. Only peaks from the NaCl 
pressure marker remain at the highest pressure, 7.1 GPa. There is no evidence that neon 
can be inserted into CaNbIV0.5Nb
V
0.5F6.5 on compression. The unit cell volume of the 
material decreases on initial compression in neon and a phase transition occurs at ∼0.5 
GPa. The peak splittings associated with this transition suggest that it involves a correlated 
tilting of polyhedra, leading to a rhombohedral phase closely related to that seen on 
compression or cooling many ReO3-type metal fluorides, and also reported for 
CaZrIV0.5Nb
V
0.5F6.5 above ∼0.7 GPa (see CHAPTER 5). The data for the high-pressure 
phase could be satisfactorily fit to a R3̅ model (see Figure F.6). Above 2 GPa the material 




Figure 7.4: High-pressure x-ray diffraction data for CaNbIV0.5NbV0.5F6.5 in a) helium (run 2) 
and b) neon. Peaks from the NaCl pressure standard are marked *. 
Linear fits to ln(V) versus P, over the range 1.35 – 3.56 GPa, indicate bulk moduli of 
49.31(3) and 50.82(3) GPa based on values from runs 1 and 2 respectively. These values 
are similar to those seen for the other helium containing perovskites. Although a linear fit 
was employed, there is some evidence of softening on compression.  
Both run 1 and 2 used the same synthetic batch of CaNbIV0.5Nb
V
0.5F6.5. However, unlike 
the duplicate runs for CaZrF6 in helium they do not fully reproduce, particularly at low 
pressure. While this could be a consequence of experimental variation not properly 
 
 161 
accounted for in the single calibration used for both runs, it may also be indicative of the 
sample response to compression in helium. Helium does not instantly equilibrate on 
increasing the pressure and variations in the time allowed after raising the pressure before 
recording the diffraction data could be responsible for some of the differences between 
runs in Figure 7.5.  
 
Figure 7.5: Unit cell volume versus pressure for CaNbIV0.5NbV0.5F6.5 in a helium pressure 
transmitting medium.  
7.4 Conclusions 





0.5F6.5 to form perovskites with helium on the A-site, even 
though the lattice constant of CaNbF6 is significantly smaller than that of CaZrF6 and 
CaNbIV0.5Nb
V
0.5F6.5 presumably contains interstitial fluoride. In each case, the helium 
insertion process appears to be complete by ∼1 GPa. The insertion of helium stabilizes the 
ReO3-type frameworks against the low-pressure phase transitions that are known to occur 
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CHAPTER 8. CONCLUSIONS 
The behavior of several M2+M4+F6 metal fluorides (CaNbF6, MgNbF6, MnNbF6, ZnNbF6, 
MgZrF6, CaZrF6, and CaTiF6) has been examined using variable temperature neutron and 
synchrotron x-ray diffraction. These materials were chosen for study due to their ReO3-
type structures, which when cubic can display negative thermal expansion due to the 
rotation of rigid octahedra associated with the transverse thermal motion of bridging 
fluoride. The effects of chemical composition and temperature on the crystal structure and 
thermal expansion behavior of the mixed metal fluorides was explored. To better 
understand the effects of stress, which could be encountered during the possible application 
of these materials, their response to pressure was also examined to identify any structural 
changes and quantify their elastic properties. The examined M2+M4+F6 materials were 
found to display thermal expansion ranging from strong NTE through ZTE to strong PTE. 
The thermal expansion and crystal structure varied with temperature and composition. 
These materials also displayed very rich behavior on compression, with a variety of 
different combinations of phase transitions and elastic properties, including several 
showing the phenomenon of pressure-induced softening. In investigating their response to 
pressure, it was found that under some conditions they are porous on compression. Further 
studies showed some of these materials to have temperature dependent porosity, behave as 
molecular sieves, and when guest molecules were inserted new perovskite materials were 
could be formed. These results, and others from this work, are summarize and commented 
on in this concluding chapter.  
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  The thermal expansion of CaNbF6, MgNbF6, and MgZrF6 were characterized and 
compared to previously reported results for CaZrF6 in Chapter 2. On Cooling, CaNbF6 was 
found to retain cubic ReO3-type structure down to at least 10 K, similar to CaZrF6. This 
resulted in very strong NTE, with its volumetric CTE reaching as low as -65 ppm K-1 at 70 
K.  The NTE in CaNbF6 also persisted over a very wide temperature range, 10 K to almost 
900 K. This magnitude of NTE is comparable to some of the largest seen in framework 
materials. When comparing the performance of NTE materials both the magnitude of the 
NTE and temperature range over which occurs should be considered. Recently Goodwin 
et al. proposed a new constant to quantify NTE referred to as the NTE capacity, which 
accounts for both magnitude and temperature range.406 Their comparison of NTE materials, 
Figure 8.1, shows CaNbF6 to have to highest NTE capacity of all the materials they 




Figure 8.1: Plot of NTE magnitude against temperature range for experimentally-studied 
isotropic NTE materials color coded by NTE mechanism and chemical family. Diagonal lines 
represent constant NTE capacity χα = -ΔV/V = -αvΔT. Reproduced from Coates, C. S.; 
Goodwin, A. L., How to quantify isotropic negative thermal expansion: magnitude, range, or 
both?, Mater. Horiz., 2019 with permission from The Royal Society of Chemistry. 
These results for CaNbF6 show that the substitution of Nb
IV for Zr, which have very similar 
ionic radii and electronegativities, has very little effect on the thermal expansion. However, 
the substitution of Mg for Ca led to greater changes in phase behavior and as a consequence 
thermal expansion. MgZrF6 was found to undergo a symmetry lowering phase transition 
on cooling below 100 K. Above this phase transition temperature the material remains 
cubic and displays NTE. The NTE is the strongest at 175 K with αv = -15 ppm K
-1. This 
thermal expansion is temperature dependent, and passes through zero near 500 K to PTE. 
The calculated NTE capacity was χα = -0.3 %, much lower than CaNbF6 and CaZrF6 (χα = 
-2.13%) due to the smaller magnitude and limited temperature range. Below 100 K MgZrF6 
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transitions to the rhombohedral phase commonly seen on cooling in metal fluorides. This 
phase shows very strong anisotropic PTE consistent with what is expected for this 
structure, which consists of corner linked tilted octahedra. The substitution of both calcium 
and zirconium to give MgNbF6 leads to an even greater destabilization of the cubic ReO3-
type structure. On cooling, cubic MgNbF6 transitions to a rhombohedral phase just below 
room temperature (∼280 K).  The cubic material shows PTE all the way until 
decomposition at 950 K. Its’ thermal expansion is low with a volumetric CTE below 10 
ppm K-1 from 375 to 600 K. The low temperature rhombohedral phase showed the same 
strong anisotropic PTE seen in MgZrF6 and other related rhombohedral materials.  
To further investigate the effects of chemical substitution on thermal expansion in the 
M2+M4+F6 family CaTiF6 was characterized. The titanium analog completes the series of 
calcium with group four metals. As previously discussed, CaZrF6 and CaHfF6 have very 
similar behavior to CaNbF6, and Nb, Zr, and Hf have similar ionic radii and 
electronegativities. However, Ti4+ has a smaller size and higher electronegativity and this 
produces a larger change in behavior. The results for CaTiF6, Chapter 3, show a phase 
transition from cubic to rhombohedral on cooling below 120 K. The rhombohedral phase 
again shows anisotropic PTE. The cubic phase shows PTE close to the phase transition 
likely due to local structural distortions away from the ideal cubic structure. However, 
above 130 K CaTiF6 shows strong NTE which persists up to the highest temperatures 
studied, ∼500 K. The NTE reaches a value of αv = -42 ppm K-1 at 177 K, and increases up 
to -18 ppm K-1 at 488 K. The thermal expansion of CaTiF6 is different from that of the Nb, 
Zr, and Hf analogs, with the smaller size and larger electronegativity resulting in a phase 
transition and weaker NTE. The behavior of CaTiF6 more closely mirrors that of MgZrF6, 
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where substitution of Ca by Mg also leads to significant changes in cation size and 
electronegativity.  
The final group of M2+M4+F6 materials studied were MnNbF6 and ZnNbF6, Chapter 4. 
Although these metal fluorides were thought to adopt rhombohedral structures at room 
temperature, making them poor candidates for NTE, they were characterized to help further 
understand the effects of chemical composition and structure on thermal expansion in 
mixed metal fluorides. Classifying the behavior of these materials allows for comparison 
to the other known Nb and Zr analogs. A rhombohedral to cubic phase transition was seen 
for MnNbF6 on warming to just above room temperature, 315 K. The rhombohedral phase 
showed large anisotropic PTE. Above 315 K cubic MnNbF6 shows PTE due to the phase 
transition, which changes through zero to weak NTE at high temperatures. The volumetric 
CTE reaches -8 ppm K-1 at 457 K. The ZnNbF6 results show the sample adopts a 
rhombohedral phase for all measured temperatures, 100 to 500 K. The thermal expansion 
is strongly positive and increases on heating. The substitution of Zn has a stronger effect 
than Mn on the stability of the cubic phase and thermal expansion.  
To take a further look and draw more general conclusions about how size and 
electronegativity effect thermal expansion and phase behavior in M2+M4+F6 materials, the 
thermal expansion results from this work are compared to one another, and relevant 
materials reported in literature, in Table 8.1. A comparison of their thermal expansion is 




Figure 8.2: Temperature dependence of the volumetric coefficients of thermal expansion for 
a) cubic* and b) rhombohedral ReO3-type metal fluorides. The CTEs were estimated by 
either differentiating polynomial fits to volume vs temperature or to point by point CTE data 
to best represent the temperature dependence of their thermal expansion. *CTEs for CaZrF6 
and CaHfF6 calculated form published data.26 
CaNbF6 behaves so similarly to the previously reported CaZrF6 and CaHfF6 likely due to 
its very similar ionic radii and electronegativities.26 However, as you decrease cation radius 
and/or increase cation electronegativity the cubic structure is destabilized, resulting in 
higher temperature transitions to a rhombohedral phase and weaker or no NTE while cubic. 
While ionic radius has been stated by others to be the key factor in the thermal expansion 
of these materials, and a decrease in radius and increase in electronegativity occur mostly 
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in tandem, there are examples where the change in thermal expansion can be attributed 
largely to a change in electronegativity.344 Going from MgNbF6 to ZnNbF6 is only 
associated with a slight increase in ionic radius, but their thermal expansion behavior is 
quite different due to the increase in electronegativity. The reason for this is likely that 
lower electronegativity for the cation leads to a more ionic bonding nature for the metal 
fluoride octahedra, and this ionic bonding is believed to favor the cubic phase.372 These 
results indicate that control of the ionic radii and electronegativity of the M2+ and M4+ 
cations allows for control of the stability of the cubic phase. Stabilizing the cubic phase 
down to low temperatures leads to strong NTE, and destabilizing the cubic phase leads to 
a transition to a PTE rhombohedral phase. The more the cubic phase is destabilized the 
higher the transition temperature to rhombohedral on cooling. In general, higher phase 
transition temperatures leads to weaker or no NTE in the cubic phase.  
Table 8.1: Comparison of the stability of the cubic ReO3-type phase, minimum volumetric 






















in IR & EN 
from CaZrF6 
CaZrF6* None -55 at 85 K 1.00 0.720 1.04 1.22 0.000 
CaHfF6* None -68 at 105 K 1.00 0.710 1.04 1.23 0.006 
CaNbF6 None -65 at 70 K 1.00 0.680 1.04 1.23 0.016 
CaTiF6 120 K -42 at 177 K 1.00 0.605 1.04 1.32 0.060 
MgZrF6 100 K -15 at 175 K 0.72 0.720 1.23 1.22 0.116 
MgNbF6 280 K 4 at 495 K 0.72 0.680 1.23 1.23 0.132 
MnNbF6 315 K -8 at 457 K 0.67 0.680 1.60 1.23 0.233 
ZnNbF6 > 500 K 104 at 111 K 0.74 0.680 1.66 1.23 0.230 




The response to pressure of the same group of metal fluorides was also examined. A 
surprising variety of different structural responses was observed. High-pressure x-ray 
diffraction experiments in diamond anvil cells showed that CaNbF6 and MgZrF6 underwent 
different phase transitions on compression (Chapter 2), different even from that of CaZrF6. 
The diffraction data for CaNbF6 indicate that on compressions a phase transition likely 
involving reconstruction of the framework becomes favorable at 0.4 GPa. This occurs 
before any of the vibrational modes involving octahedral tilting fully soften and give rise 
to a lower symmetry ReO3-type framework like the rhombohedral phase commonly seen 
on cooling. The high-pressure phase of CaNbF6 persists until abrupt amorphization occurs 
at 4 GPa. In contrast to this behavior, MgZrF6 undergoes a phase transition on compression 
to 0.37 GPa that is associated with octahedral tilts. The diffraction data for this high-
pressure phase is consistent with the rhombohedral symmetry. It is followed by an abrupt 
phase transition at 1.0 GPa. No amorphization was observed for MgZrF6, with the second 
high-pressure phase persisting up to the highest pressures measured, 7.0 GPa. Fits of a 3rd 
order Birch-Murnaghan equation of state to V versus P for the cubic phases of both CaNbF6 
and MgZrF6 gave bulk moduli of K0= 33.7(4) and 48.2(5) GPa, respectively. When 
compared to the bulk modulus reported for CaZrF6 (K0= 39.2 GPa), the Nb analog is softer 
and the Mg stiffer. These materials are rather soft when compared to most other solids, but 
their bulk moduli are comparable to those of other cubic ReO3-type fluorides and 
framework solids. Both cubic CaNbF6 and MgZrF6 showed large pressure-induced 
softening with K0
’= -23(2) and -53(2), respectively. Pressure-induced softening is an 
anomalous property, which has been predicted to occur in these types of framework 
materials, but only been experimentally quantified in a few materials. The variable 
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temperature and pressure behavior of MgZrF6 was also investigated and revealed a 
stiffening of the material on heating.  
The response to pressure of CaTiF6 was also characterized, Chapter 3. The material remains 
cubic only to the modest pressure of 0.25 GPa. The cubic phase was shown to be soft with 
very large pressure-induced softening, K0= 28.9(9) GPa and K0
’= -50(5). On compression 
above 0.25 GPa cubic CaTiF6 undergoes transition to a rhombohedral phase, which persists 
until disordering between 5 and 6 GPa. This rhombohedral phase showed very different 
behavior on compression than that of the cubic phase. Initially the material is very soft with 
a bulk modulus between 3 and 5 GPa at pressures < 0.5 GPa, but it linearly stiffens on 
compression. Rhombohedral CaTiF6 displayed highly anisotropic compressibility, with a 
strong volume reduction in the a/b plane, but negative linear compressibility (NLC) parallel 
to the unique c-axis. The NLC was attributed to the distortion of individual octahedra on 
compression. The response of rhombohedral CaTiF6 to compression is similar to what has 
been reported for other rhombohedral metal fluorides.248,249 The results from high-pressure 
diffraction experiments on MnNbF6 and ZnNbF6, Chapter 4, indicate that both samples 
were already rhombohedral on initial compression. The rhombohedral phase persisted until 
6 GPa for MnNbF6 and up to the highest pressures recorded for ZnNbF6, 4 GPa. Both 
materials were found to be elastically very soft with bulk moduli close to 10 GPa at low 
pressures, but both underwent rapid stiffening on compression. Anisotropic 
compressibility and NLC parallel to the c-axis were observed for both materials. This 




When comparing the response to pressure of these mixed metal fluorides, Table 8.2, it is 
apparent that the structural response and elastic properties of these materials changes in a 
non-uniform way. It is clear that cubic phase metal fluorides tend to be very sensitive to 
pressure, undergoing phase transitions at modest pressures. This behavior makes them 
difficult to utilize for some applications, such as in controlled thermal expansion 
composites where they would likely experience stresses due to thermal expansion 
mismatch. The cubic phase materials are somewhat soft, and they show some of the largest 
pressure-induced softening seen experimentally in framework materials.208,220,243 Materials 
with a rhombohedral structure do not undergo phase transitions at low pressure. However, 
they are elastically very soft and stiffen on compression.  















at 0.4 GPa 
Amorphization 




at 0.25 GPa 
Amorphization 




at 0.37 GPa 
Reconstructive 






at 6 GPa 




None to highest 
pressure ∼4 GPa 
< 10 + 
* Information taken from literature26 
 
The studies of M2+M4+F6 indicate that changes in cation can have a large impact on thermal 
expansion. Therefore, other methods for obtaining finer control over the thermal expansion 
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in ReO3-type fluorides were also investigated. Specifically, the fluoride excess system 
Ca[Zr(IV)1-xNb
(V)
x]F6+x was examined, Chapter 5. The aliovalent substitution of Nb
5+ for 
Zr4+ leads to the incorporation of excess fluoride to keep charge balance. These types of 
materials are thought to accommodate the excess fluoride interstitially, which can lead to 
conversion of some corner-linked octahedra to edge-sharing polyhedra, see for example 
work on YbZrF7.
173,178,179 This type of local structure change limits the flexibility of the 
fluoride linkers, which weakens NTE, stiffens the structure, and may stabilize the cubic 
phase to higher pressures. Therefore, the thermal expansion and response to pressure of x= 
0.25, 0.50, and 0.75 samples were examined to look at the effects of gradual introduction 
of excess fluoride. However, it became clear from the pair distribution function (PDF) and 
density measurements that while interstitial fluoride was present, edge-sharing polyhedra 
were not formed. The variable temperature diffraction analysis indicated the excess 
fluoride did impact the thermal expansion of these materials. However, it was not in a 
controlled way, and all three samples showed strong NTE indicating no systematic 
weakening on Nb5+ substitution. The thermal expansion of Ca[Zr(IV)1-xNb
(V)
x]F6+x also 
depends strongly on the samples thermal history, indicating that the defects in these 
materials are mobile and can relax at quite low temperatures. On compression, all three 
samples undergo a crystalline to crystalline phase transition at close to 0.7 - 0.8 GPa. For 
CaZr0.75Nb0.25F6.25 this transition is likely reconstructive to a phase apparently similar to 
the high-pressure phase of CaNbF6, but both CaZr0.5Nb0.5F6.5 and CaZr0.25Nb0.75F6.75 
transition to a rhombohedral structure. Analysis of the elastic properties of the cubic phase 
for each sample showed little change with composition, with K0= 40.5, 37.4, and 40.8 GPa 
and K0
’= -25, -23, and -24 for x= 0.25, 0.50, and 0.75, respectively. The absence of 
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stiffening as excess fluoride is introduced, along with the observation of octahedral tilting 
transitions on compression, are consistent with the interstitial fluoride not leading to the 
formation of edge-shared polyhedra. While it is not entirely clear how the Ca[Zr(IV)1-
xNb
(V)
x]F6+x system incorporates excess fluoride, the results convincingly indicate that it 
does not involve the creation of edge-shared polyhedera, and that the excess fluoride is 
present as interstitials. The data suggest an alternative mechanism for the incorporation of 
interstitial fluoride, possibly through the formation of terminal fluoride protruding slightly 
into the empty cavity created by corner-linked polyhedra. This system is believed to behave 
differently from the other excess fluorides that have been studied in detail due to the 
retention of cation ordering as excess fluoride is introduced. In Ca[Zr(IV)1-xNb
(V)
x]F6+x the 
Nb only substitutes onto the Zr site, so the Ca and Zr/Nb ordering is retained.160,178-182 In 
materials where edge-sharing polyhedra are formed, such as YbZrF7, TiZrF7-x, Ti1-xZrxF3+x, 
and Mg2-xZrxF4+2x, the aliovalent substitution resulted in loss of cation ordering.
178-182 This 
loss of ordering allows for the cations which are more likely to adopt higher coordination 
to neighbor each other, which is not the case for Ca[Zr(IV)1-xNb
(V)
x]F6+x. 
In the course of examining the response of M2+M4+F6 to pressure, some experiments using 
high-pressure helium were conducted. This led to the discovery that CaZrF6 was porous to 
helium at 300 K, Chapter 6. While helium penetration is commonly a consideration when 
using the gas as an inert hydrostatic pressure medium at very high pressure, the insertion 
of helium into CaZrF6 was not anticipated due to the very small effective pore sizes in this 
material. Compression of CaZrF6 in nitrogen gas showed close to linear reduction in 
volume, and the bulk modulus, K0 = 36.7(2) GPa, was consistent with previously reported 
results for CaZrF6 in a non-penetrating liquid. When compressed in nitrogen at 160 K them 
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material amorphized. These results clearly indicate nitrogen does not insert into CaZrF6, 
which makes the material a molecular sieve that takes up helium, but not nitrogen at room 
temperature. Neutron diffraction experiments showed that on compression in helium 
between 300 and 500 MPa at 300 K the unit cell volume for CaZrF6 increased. This 
response was attributed to insertion of helium into the material, which would lead to some 
volume expansion on compression. The helium containing CaZrF6 was cooled down from 
300 to 70 K while at pressure, and on decompression showed a linear increase volume. 
This suggested that the helium remained trapped in the structure on cooling. Subsequent 
warming and compression/decompression at 130, 190, and 250 K revealed that the 
temperature dependent porosity for CaZrF6 with helium remaining trapped until 
temperatures above 190 K. Helium insertion was found to weaken the NTE, stiffen the 
structure to compression, and stabilize the structure against amorphization under pressure. 
Helium gas uptake measurements indicated that the insertion of helium was not 
instantaneous but occurred on a time scale of minutes at room temperature. These results, 
along with the Rietveld analysis of neutron diffraction data, indicated a helium loading of 
∼50%, or 1 mole of helium per mole of CaZrF6, on compression to 500 MPa at 300 K. 
Rietveld refinements showed that the helium inserts into the cavities created by the corner-
linked ReO3-type structure of CaZrF6. Therefore, the resulting helium inserted structure is 
denoted with the general formula (He2-xx)(CaZr)F6. The insertion of helium leads to a 
double perovskite (A2BB’X6) with helium on the A-site. This is the first reported 
perovskite to contain helium, making the preparation of (He2-xx)(CaZr)F6 materials a 
significant extension of perovskite chemistry to include the controlled synthesis of 
materials with small gas molecules on the A-site. 
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Finally, to further investigate the preparation and properties of these new helium containing 
perovskites, x-ray diffraction experiments using high-pressure helium and neon loaded 





experiments were able to investigate the behavior from ∼0.2 to > 4 GPa. The two samples 




0.5F6.5) showed no evidence for neon penetration. 
They underwent phase transitions or disordering at low pressures when compressed in neon 
and showed no increase in volume on compression. For CaZrF6 helium insertion was 
confirmed with an increase in unit cell volume seen on initial compression. Above ∼0.7 
GPa, the unit cell volume decreased on further compression. The now presumably fully 
helium loaded material, [He2][CaZr]F6, remained cubic until amorphization at 3.5 GPa, 
with an estimated bulk modulus of ∼ 47 GPa. This shows the new helium perovskite to be 
stiffer and stable to higher pressures than the parent metal fluoride material. The smaller 
cubic CaNbF6 was also shown to insert helium on initial compression. The volume 
increased up until a pressure of ∼0.9 GPa. The [He2][CaNb]F6 perovskite had a bulk 
modulus of 51 GPa and survived until to the highest measured pressure of 3.7 GPa. Even 
the material with the smallest unit cell CaNbIV0.5Nb
V
0.5F6.5, which also presumably contains 
interstitial fluoride, was shown to insert helium on compression. The helium inserts below 




0.5]F6.5 amorphizes above 3.3 GPa and 
has a bulk modulus of ∼50 GPa. Based on these results modification of composition, to 
tune the effective pore size of the ReO3-type framework, and the temperature at which 
gases are inserted into the parent material, may allow other gases, including hydrogen, to 




APPENDIX A. SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
A.1 Experimental Details 
A.1.1 Variable Temperature X-ray Diffraction Measurements on CaNbF6 
Low- and high-temperature x-ray powder diffraction data were recorded using an Oxford 
Cryosystems Cryostream (100 – 500 K) and a resistively heated furnace (300 – 900 K) at 
the 17-BM beamline of the Advanced Photon Source, Argonne National Laboratory. The 
data was collected at a wavelength of 0.7295 Å. When the Cryostream system was used, 
the sample was packed into a Kapton capillary under Argon and sealed with epoxy. The 
sample was cooled to 100 K, held there for 30 min, heated to 500 K, and cooled to 100 K. 
Data were collected every three Kelvin, after the target temperature had been reached and 
held for approximately two minutes. At the temperature points each measurement consisted 
of an exposure time of 0.5 seconds, 20 subframes, and a 10-degree rotation. A temperature 
calibration was done repeating the measurement with a thermocouple inside of an empty 
Kapton capillary. The furnace measurements consisted of a flow cell set up, which utilized 
a sample and thermocouple in a quartz capillary. Helium gas was flowed through, and the 
sample was heated at a constant rate. Each measurement had 1.0 second exposure times, 
10 subframes, 10-degree rotation, and 60 second intervals between frames. 
A.1.2 Variable Temperature Neutron Powder Diffraction Measurements on CaNbF6 
Neutron powder diffraction measurements were performed using the PAC sample 
environment on the POWGEN instrument at the Spallation Neutron Source, Oak Ridge 
National Laboratory. The sample was loaded into a vanadium can under helium. The 
sample was cooled down to 10 K and heated with 3-minute equilibration times.   (Details: 
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mass= 3 grams, duration= 1545 s, proton charge= 1.8E12, frequency= 60, wavelength= 
1.33, guide= -56.863, and total counts= 5800000.) 
A.1.3 High-Pressure X-ray Powder Diffraction Measurements on CaNbF6 
High-pressure x-ray powder diffraction data (298 K and P < ∼8.6 GPa) were recorded at 
17-BM utilizing an EasyLab “Diacell Bragg-(G)” diaphragm diamond anvil cell (DAC) 
while the pressure was continuously increased. The sample was loaded under inert 
atmosphere with a NaCl internal pressure calibrant and an Alfa silicone oil, with a 
molecular weight of 237 g·mol−1, pressure-transmitting fluid.  Pressure was determined 
using Bragg peaks from NaCl, and the Birch equation of state for NaCl. 
A.2 Figures  
 
Figure A.1: Unit cell volume and thermal expansion coefficient for CaNbF6 above room 
temperature, as determined by the Rietveld analyses of powder x-ray diffraction data 
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collected in a wire wound furnace. The red line was calculated by differentiating a polynomial 
fit to the unit cell volumes. The CTEs shown as purple points were calculated point by point. 
  
 
Figure A.2: Contour plot showing the high temperature diffraction data for CaNbF6 and its 
decomposition. The dramatic change in the diffraction patterns at ∼925K is probably 
associated with the failure of the sample tube. 
 
 






Figure A.4: Contour plot showing the high temperature diffraction data for MgNbF6. 
 
 
Figure A.5: Variation of the lattice constants for MgNbF6 with temperature. At low 
temperature an R?̅?  model with a hexagonal cell was used and at high temperature a cubic 






Figure A.6: Rietveld plot showing a fit of a cubic ReO3-type model (Fm?̅?m) to the 150K high 
resolution synchrotron diffraction data for MgZrF6. 
 
 
Figure A.7: Rietveld plot showing the fit of an R?̅? model to low temperature (10K) high 





Figure A.8: Variation of the lattice constants for MgZrF6 with temperature. At low 
temperature an R?̅? model with a hexagonal cell was used and at high temperature a cubic 
Fm?̅?m model was used. 
 
 
Figure A.9: Rietveld plot showing the fit of a cubic ReO3-type model to data for MgZrF6 
obtained in an oil filled heatable pressure cell equipped with a Background Reducing Internal 
Mask (BRIM). These data were acquired at 298 K and ambient pressure. The high Q part 
has been scaled by a factor of 3X and shifted downwards so that the backgrounds for the two 





Table A.1: Lattice constant and unit cell volume for CaNbF6 as determined from the Rietveld 
analysis of the neutron diffraction data. 
Temperature (K) Rwp a (Å) Volume (Å3) 
10.0 5.94E-02 8.43537(3) 600.222(6) 
20.0 6.45E-02 8.43435(3) 600.005(6) 
30.0 6.05E-02 8.43301(3) 599.719(6) 
40.0 6.63E-02 8.43170(3) 599.440(6) 
50.0 6.32E-02 8.42995(3) 599.066(6) 
60.0 5.99E-02 8.42824(3) 598.702(6) 
70.0 6.14E-02 8.42623(3) 598.275(6) 
80.0 6.72E-02 8.42440(3) 597.884(6) 
90.0 5.71E-02 8.42257(3) 597.494(6) 
100.0 6.15E-02 8.42079(3) 597.117(6) 
110.0 5.93E-02 8.41907(3) 596.749(6) 
120.0 6.28E-02 8.41735(3) 596.383(6) 
140.0 5.78E-02 8.41443(3) 595.764(6) 
160.0 5.24E-02 8.41139(3) 595.119(6) 
180.0 5.80E-02 8.40849(3) 594.502(6) 
200.0 5.20E-02 8.40582(3) 593.936(6) 
225.0 5.70E-02 8.40282(3) 593.301(6) 
250.0 5.33E-02 8.39984(3) 592.670(6) 
275.0 5.32E-02 8.39701(3) 592.071(6) 
300.0 4.96E-02 8.39447(3) 591.535(6) 
 
Table A.2: Lattice constant and unit cell volume for CaNbF6 as determined from the Rietveld 
analysis of the x-ray diffraction data acquired while using a Cryostream. 
Temperature (K) Rwp a (Å) Volume (Å3) 
111 0.0872 8.41810(5) 596.54(1) 
115 0.0872 8.41767(5) 596.45(1) 
118 0.0870 8.41704(5) 596.32(1) 
120 0.0869 8.41663(5) 596.23(1) 
122 0.0895 8.41612(5) 596.12(1) 
125 0.0867 8.41560(5) 596.01(1) 




Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
135 0.0863 8.41357(5) 595.58(1) 
139 0.0862 8.41305(5) 595.47(1) 
142 0.0862 8.41262(5) 595.38(1) 
144 0.0860 8.41218(5) 595.29(1) 
148 0.0859 8.41174(5) 595.19(1) 
151 0.0859 8.41130(5) 595.10(1) 
154 0.0859 8.41087(5) 595.01(1) 
156 0.0858 8.41044(5) 594.92(1) 
159 0.0858 8.41006(5) 594.84(1) 
161 0.0857 8.40962(5) 594.74(1) 
164 0.0856 8.40923(5) 594.66(1) 
166 0.0856 8.40883(5) 594.58(1) 
169 0.0856 8.40839(5) 594.48(1) 
173 0.0856 8.40794(5) 594.39(1) 
175 0.0856 8.40762(5) 594.32(1) 
179 0.0855 8.40720(5) 594.23(1) 
181 0.0855 8.40679(5) 594.14(1) 
184 0.0854 8.40640(5) 594.06(1) 
187 0.0854 8.40602(5) 593.98(1) 
189 0.0855 8.40564(5) 593.90(1) 
192 0.0855 8.40527(5) 593.82(1) 
196 0.0854 8.40488(5) 593.74(1) 
198 0.0854 8.40449(5) 593.66(1) 
201 0.0855 8.40413(5) 593.58(1) 
204 0.0856 8.40375(5) 593.50(1) 
207 0.0856 8.40335(5) 593.41(1) 
210 0.0856 8.40298(5) 593.33(1) 
213 0.0856 8.40260(5) 593.25(1) 
216 0.0856 8.40222(5) 593.18(1) 
219 0.0857 8.40187(5) 593.10(1) 
222 0.0857 8.40150(5) 593.02(1) 
225 0.0857 8.40113(5) 592.94(1) 
228 0.0858 8.40077(5) 592.87(1) 
231 0.0858 8.40041(5) 592.79(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
234 0.0859 8.40004(5) 592.71(1) 
237 0.0859 8.39969(5) 592.64(1) 
240 0.0860 8.39933(5) 592.56(1) 
242 0.0861 8.39902(5) 592.50(1) 
246 0.0861 8.39866(5) 592.42(1) 
249 0.0862 8.39831(5) 592.35(1) 
251 0.0862 8.39799(5) 592.28(1) 
254 0.0862 8.39767(5) 592.21(1) 
258 0.0863 8.39733(5) 592.14(1) 
260 0.0864 8.39699(5) 592.07(1) 
263 0.0864 8.39668(5) 592.00(1) 
266 0.0864 8.39637(5) 591.94(1) 
269 0.0865 8.39606(5) 591.87(1) 
272 0.0865 8.39575(5) 591.81(1) 
275 0.0866 8.39544(5) 591.74(1) 
278 0.0866 8.39514(5) 591.68(1) 
281 0.0867 8.39482(5) 591.61(1) 
284 0.0867 8.39451(5) 591.54(1) 
287 0.0869 8.39415(5) 591.47(1) 
290 0.0870 8.39386(5) 591.41(1) 
293 0.0870 8.39355(5) 591.34(1) 
296 0.0871 8.39325(5) 591.28(1) 
299 0.0871 8.39293(5) 591.21(1) 
302 0.0872 8.39264(5) 591.15(1) 
305 0.0872 8.39235(5) 591.09(1) 
309 0.0873 8.39203(5) 591.02(1) 
312 0.0873 8.39173(5) 590.96(1) 
316 0.0874 8.39126(5) 590.86(1) 
320 0.0875 8.39090(5) 590.78(1) 
323 0.0876 8.39062(5) 590.72(1) 
326 0.0877 8.39031(5) 590.66(1) 
330 0.0877 8.39001(5) 590.59(1) 
333 0.0878 8.38969(5) 590.53(1) 
336 0.0880 8.38937(5) 590.46(1) 
340 0.0880 8.38905(5) 590.39(1) 
343 0.0881 8.38874(5) 590.32(1) 
346 0.0881 8.38842(5) 590.26(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
350 0.0882 8.38812(5) 590.19(1) 
353 0.0883 8.38783(5) 590.13(1) 
356 0.0884 8.38754(5) 590.07(1) 
360 0.0884 8.38724(5) 590.01(1) 
364 0.0876 8.38706(5) 589.97(1) 
367 0.0874 8.38674(5) 589.90(1) 
371 0.0873 8.38641(5) 589.83(1) 
374 0.0873 8.38612(5) 589.77(1) 
378 0.0874 8.38586(5) 589.72(1) 
382 0.0875 8.38556(5) 589.65(1) 
385 0.0875 8.38532(5) 589.60(1) 
387 0.0875 8.38510(5) 589.56(1) 
390 0.0877 8.38490(5) 589.51(1) 
393 0.0876 8.38469(5) 589.47(1) 
397 0.0875 8.38445(5) 589.42(1) 
400 0.0876 8.38419(5) 589.36(1) 
403 0.0877 8.38395(5) 589.31(1) 
406 0.0877 8.38371(5) 589.26(1) 
410 0.0877 8.38346(5) 589.21(1) 
413 0.0877 8.38321(5) 589.16(1) 
416 0.0877 8.38296(5) 589.11(1) 
419 0.0880 8.38271(5) 589.05(1) 
422 0.0881 8.38247(5) 589.00(1) 
425 0.0881 8.38225(5) 588.95(1) 
428 0.0880 8.38200(5) 588.90(1) 
431 0.0878 8.38177(5) 588.85(1) 
434 0.0876 8.38156(5) 588.81(1) 
437 0.0874 8.38138(5) 588.77(1) 
439 0.0873 8.38117(5) 588.73(1) 
442 0.0870 8.38097(5) 588.68(1) 
445 0.0867 8.38078(5) 588.64(1) 
448 0.0865 8.38060(5) 588.61(1) 
450 0.0863 8.38042(5) 588.57(1) 
453 0.0860 8.38024(5) 588.53(1) 
455 0.0855 8.38008(5) 588.50(1) 
458 0.0853 8.37990(5) 588.46(1) 
461 0.0850 8.37973(5) 588.42(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
463 0.0849 8.37956(5) 588.39(1) 
466 0.0847 8.37938(5) 588.35(1) 
469 0.0847 8.37921(5) 588.31(1) 
471 0.0846 8.37904(5) 588.28(1) 
474 0.0845 8.37887(5) 588.24(1) 
477 0.0845 8.37872(5) 588.21(1) 
479 0.0844 8.37856(5) 588.18(1) 
482 0.0844 8.37841(5) 588.15(1) 
484 0.0846 8.37826(5) 588.11(1) 
486 0.0847 8.37811(5) 588.08(1) 
489 0.0849 8.37795(5) 588.05(1) 
491 0.0849 8.37780(5) 588.02(1) 
494 0.0850 8.37768(5) 587.99(1) 
496 0.0851 8.37755(5) 587.96(1) 
498 0.0851 8.37741(5) 587.94(1) 
501 0.0852 8.37726(5) 587.90(1) 
503 0.0853 8.37711(5) 587.87(1) 
504 0.0851 8.37711(5) 587.87(1) 
502 0.0851 8.37722(5) 587.90(1) 
500 0.0851 8.37731(5) 587.91(1) 
497 0.0849 8.37749(5) 587.95(1) 
495 0.0848 8.37756(5) 587.97(1) 
494 0.0846 8.37765(5) 587.99(1) 
491 0.0845 8.37783(5) 588.02(1) 
490 0.0845 8.37787(5) 588.03(1) 
486 0.0843 8.37809(5) 588.08(1) 
485 0.0843 8.37815(5) 588.09(1) 
481 0.0842 8.37841(5) 588.15(1) 
478 0.0840 8.37860(5) 588.19(1) 
475 0.0839 8.37880(5) 588.23(1) 
472 0.0838 8.37897(5) 588.26(1) 
470 0.0837 8.37913(5) 588.30(1) 
468 0.0836 8.37930(5) 588.33(1) 
464 0.0835 8.37948(5) 588.37(1) 
461 0.0834 8.37967(5) 588.41(1) 
458 0.0832 8.37988(5) 588.45(1) 
455 0.0832 8.38007(5) 588.50(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
452 0.0831 8.38026(5) 588.54(1) 
449 0.0832 8.38045(5) 588.58(1) 
446 0.0831 8.38065(5) 588.62(1) 
444 0.0830 8.38083(5) 588.66(1) 
441 0.0828 8.38104(5) 588.70(1) 
438 0.0827 8.38124(5) 588.74(1) 
435 0.0826 8.38145(5) 588.79(1) 
432 0.0824 8.38166(5) 588.83(1) 
429 0.0824 8.38188(5) 588.88(1) 
426 0.0823 8.38210(5) 588.92(1) 
423 0.0822 8.38233(5) 588.97(1) 
421 0.0822 8.38255(5) 589.02(1) 
418 0.0821 8.38277(5) 589.06(1) 
414 0.0819 8.38300(5) 589.11(1) 
412 0.0818 8.38322(5) 589.16(1) 
408 0.0817 8.38346(5) 589.21(1) 
409 0.0816 8.38348(5) 589.21(1) 
403 0.0815 8.38396(5) 589.32(1) 
399 0.0813 8.38421(5) 589.37(1) 
396 0.0811 8.38445(5) 589.42(1) 
393 0.0809 8.38467(5) 589.46(1) 
391 0.0809 8.38488(5) 589.51(1) 
388 0.0807 8.38509(5) 589.55(1) 
385 0.0805 8.38530(5) 589.60(1) 
382 0.0804 8.38555(5) 589.65(1) 
378 0.0801 8.38581(5) 589.71(1) 
375 0.0800 8.38607(5) 589.76(1) 
371 0.0799 8.38636(5) 589.82(1) 
368 0.0798 8.38666(5) 589.88(1) 
365 0.0797 8.38695(5) 589.95(1) 
361 0.0797 8.38723(5) 590.01(1) 
358 0.0797 8.38752(5) 590.07(1) 
355 0.0795 8.38782(5) 590.13(1) 
351 0.0794 8.38811(5) 590.19(1) 
348 0.0794 8.38839(5) 590.25(1) 
345 0.0792 8.38869(5) 590.31(1) 
341 0.0792 8.38899(5) 590.38(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
338 0.0791 8.38929(5) 590.44(1) 
335 0.0790 8.38960(5) 590.51(1) 
331 0.0790 8.38989(5) 590.57(1) 
328 0.0789 8.39018(5) 590.63(1) 
325 0.0789 8.39048(5) 590.69(1) 
322 0.0789 8.39077(5) 590.75(1) 
319 0.0788 8.39107(5) 590.82(1) 
313 0.0787 8.39159(5) 590.93(1) 
311 0.0786 8.39185(5) 590.98(1) 
308 0.0785 8.39217(5) 591.05(1) 
305 0.0783 8.39246(5) 591.11(1) 
302 0.0784 8.39274(5) 591.17(1) 
299 0.0783 8.39305(5) 591.24(1) 
291 0.0776 8.39399(5) 591.43(1) 
288 0.0776 8.39427(5) 591.49(1) 
285 0.0775 8.39455(5) 591.55(1) 
282 0.0775 8.39486(5) 591.62(1) 
279 0.0774 8.39515(5) 591.68(1) 
276 0.0773 8.39545(5) 591.74(1) 
273 0.0773 8.39577(5) 591.81(1) 
270 0.0771 8.39640(4) 591.94(1) 
267 0.0772 8.39608(4) 591.87(1) 
264 0.0770 8.39673(4) 592.01(1) 
261 0.0769 8.39705(4) 592.08(1) 
258 0.0769 8.39738(4) 592.15(1) 
255 0.0768 8.39769(4) 592.22(1) 
253 0.0768 8.39803(4) 592.29(1) 
250 0.0768 8.39837(4) 592.36(1) 
247 0.0768 8.39871(4) 592.43(1) 
244 0.0788 8.39907(4) 592.51(1) 
241 0.0787 8.39940(4) 592.58(1) 
238 0.0766 8.39974(4) 592.65(1) 
235 0.0766 8.40008(4) 592.72(1) 
232 0.0765 8.40042(4) 592.79(1) 
229 0.0765 8.40076(4) 592.87(1) 
226 0.0764 8.40114(4) 592.95(1) 
223 0.0764 8.40149(4) 593.02(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
220 0.0764 8.40185(4) 593.10(1) 
217 0.0764 8.40222(4) 593.17(1) 
215 0.0764 8.40259(4) 593.25(1) 
212 0.0763 8.40292(4) 593.32(1) 
209 0.0764 8.40328(4) 593.40(1) 
206 0.0763 8.40365(4) 593.48(1) 
203 0.0764 8.40412(4) 593.58(1) 
200 0.0763 8.40444(4) 593.64(1) 
198 0.0763 8.40479(4) 593.72(1) 
195 0.0765 8.40525(4) 593.82(1) 
193 0.0766 8.40558(4) 593.89(1) 
189 0.0767 8.40604(4) 593.98(1) 
186 0.0768 8.40651(4) 594.08(1) 
183 0.0768 8.40683(4) 594.15(1) 
180 0.0769 8.40721(4) 594.23(1) 
177 0.0769 8.40760(4) 594.31(1) 
174 0.0770 8.40800(4) 594.40(1) 
172 0.0771 8.40841(4) 594.49(1) 
169 0.0771 8.40883(4) 594.58(1) 
166 0.0773 8.40924(4) 594.66(1) 
163 0.0774 8.40965(4) 594.75(1) 
160 0.0775 8.41006(4) 594.84(1) 
157 0.0777 8.41048(4) 594.93(1) 
155 0.0778 8.41089(4) 595.01(1) 
152 0.0779 8.41131(4) 595.10(1) 
149 0.0780 8.41172(4) 595.19(1) 
147 0.0781 8.41214(4) 595.28(1) 
144 0.0781 8.41255(4) 595.36(1) 
141 0.0783 8.41308(4) 595.48(1) 
140 0.0784 8.41332(4) 595.53(1) 
135 0.0788 8.41407(4) 595.69(1) 
136 0.0787 8.41410(4) 595.69(1) 
130 0.0792 8.41502(4) 595.89(1) 
130 0.0793 8.41508(4) 595.90(1) 
126 0.0798 8.41580(4) 596.06(1) 
123 0.0799 8.41621(4) 596.14(1) 
121 0.0801 8.41664(4) 596.23(1) 
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Table A.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
131 0.0865 8.41457(5) 595.79(1) 
134 0.0865 8.41407(5) 595.69(1) 
119 0.0804 8.41708(4) 596.33(1) 
 
Table A.3: Unit cell volumes for both the CaNbF6 and NaCl as determined from the Rietveld 
analysis of the high-pressure diffraction data acquired with a sample to detector distance of 
300 mm. Pressures estimated from the unit cell volume of the NaCl using the Birch equation 
of state are also given, and have an average uncertainty of 0.012 GPa. 
CaNbF6 Volume (Å3) NaCl Volume (Å3) Pressure (GPa) 
592.10(1) 179.841(6) 0.000 
592.11(1) 179.822(6) 0.003 
592.11(1) 179.785(7) 0.007 
592.11(1) 179.785(7) 0.007 
592.11(1) 179.800(6) 0.005 
592.10(1) 179.804(6) 0.005 
592.11(1) 179.804(6) 0.005 
592.11(1) 179.801(6) 0.005 
592.11(1) 179.808(6) 0.004 
592.11(1) 179.811(6) 0.004 
592.10(1) 179.813(6) 0.004 
592.09(1) 179.816(7) 0.003 
592.07(1) 179.812(6) 0.004 
592.05(1) 179.813(6) 0.004 
592.02(1) 179.807(6) 0.005 
591.99(1) 179.782(7) 0.008 
591.95(1) 179.765(6) 0.010 
591.90(1) 179.757(6) 0.011 
591.85(1) 179.740(6) 0.013 
591.81(1) 179.722(7) 0.016 




Table A.3 continued 
CaNbF6 Volume (Å3) NaCl Volume (Å3) Pressure (GPa) 
591.69(1) 179.680(6) 0.021 
591.64(1) 179.660(6) 0.024 
591.60(1) 179.635(6) 0.027 
591.54(1) 179.606(6) 0.031 
591.50(1) 179.585(6) 0.034 
591.45(1) 179.567(6) 0.037 
591.41(1) 179.550(6) 0.039 
591.36(1) 179.525(6) 0.042 
591.31(1) 179.501(7) 0.045 
591.26(1) 179.480(7) 0.048 
591.19(1) 179.450(7) 0.052 
591.12(1) 179.430(7) 0.055 
591.03(1) 179.395(7) 0.060 
590.94(1) 179.349(7) 0.066 
590.84(1) 179.316(7) 0.070 
590.73(1) 179.269(7) 0.077 
590.56(1) 179.212(7) 0.084 
590.39(1) 179.133(7) 0.095 
590.17(1) 179.044(7) 0.107 
589.95(1) 178.942(7) 0.121 
589.77(1) 178.884(7) 0.129 
589.55(1) 178.800(7) 0.141 
589.23(1) 178.674(7) 0.158 
588.75(1) 178.490(7) 0.184 
588.35(1) 178.335(7) 0.205 
587.97(1) 178.213(7) 0.222 
587.57(1) 178.076(6) 0.242 
586.84(1) 177.842(7) 0.275 
586.04(1) 177.580(7) 0.312 
585.23(1) 177.340(7) 0.347 
584.41(1) 177.112(7) 0.380 






Table A.4: Unit cell volumes for both the CaNbF6 and NaCl as determined from the Rietveld 
analysis of the high-pressure diffraction data acquired with a sample to detector distance of 
400 mm. Pressures estimated from the unit cell volume of the NaCl using the Birch equation 
of state are also given, and have an average uncertainty of 0.05 GPa. 
CaNbF6 Volume (Å3) NaCl Volume (Å3) Pressure (GPa) 
592.01(2) 179.80(3) 0.000 
592.01(2) 179.80(3) 0.000 
592.01(2) 179.80(3) 0.000 
592.01(2) 179.79(3) 0.001 
592.01(2) 179.79(3) 0.001 
592.01(2) 179.79(3) 0.001 
592.01(2) 179.79(3) 0.001 
592.01(2) 179.78(3) 0.002 
592.01(2) 179.78(3) 0.003 
592.00(2) 179.78(3) 0.002 
592.00(2) 179.79(3) 0.001 
592.02(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.02(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.03(2) 179.79(3) 0.001 
592.03(2) 179.78(3) 0.002 
592.02(2) 179.78(3) 0.002 
592.04(2) 179.78(4) 0.003 
592.04(2) 179.77(4) 0.004 
592.03(2) 179.77(4) 0.003 
592.04(2) 179.77(4) 0.003 
592.04(2) 179.77(4) 0.003 
592.03(2) 179.76(4) 0.004 
592.03(2) 179.77(4) 0.004 
592.03(2) 179.77(4) 0.003 




Table A.4 continued 
CaNbF6 Volume (Å3) NaCl Volume (Å3) Pressure (GPa) 
592.03(2) 179.76(4) 0.004 
592.03(2) 179.75(4) 0.006 
592.04(2) 179.75(4) 0.006 
592.02(2) 179.75(4) 0.006 
592.01(2) 179.77(4) 0.004 
592.02(2) 179.74(4) 0.007 
592.03(2) 179.76(3) 0.005 
592.05(2) 179.75(3) 0.006 
592.05(2) 179.74(3) 0.008 
592.03(2) 179.71(3) 0.012 
592.03(2) 179.70(3) 0.013 
592.05(2) 179.68(3) 0.015 
592.03(2) 179.70(4) 0.013 
592.03(2) 179.72(4) 0.010 
592.03(2) 179.72(4) 0.010 
592.04(2) 179.72(4) 0.010 
592.03(2) 179.72(4) 0.010 
592.03(2) 179.73(4) 0.009 
592.03(2) 179.74(4) 0.008 
592.02(2) 179.74(4) 0.008 
591.95(2) 179.71(4) 0.012 
591.86(2) 179.68(4) 0.015 
591.79(2) 179.67(4) 0.017 
591.73(2) 179.63(4) 0.023 
591.60(2) 179.58(4) 0.029 
591.46(2) 179.50(4) 0.040 
591.32(2) 179.45(4) 0.047 
591.20(2) 179.39(4) 0.054 
591.12(2) 179.38(4) 0.056 
591.04(2) 179.32(4) 0.063 
590.89(2) 179.27(4) 0.070 
590.74(2) 179.21(4) 0.079 
590.56(2) 179.13(4) 0.090 
590.32(2) 179.05(3) 0.101 
590.09(2) 178.97(3) 0.112 
589.94(2) 178.91(3) 0.120 
589.75(2) 178.82(3) 0.132 
589.50(2) 178.74(3) 0.143 
589.12(2) 178.62(3) 0.159 
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Table A.4 continued 
CaNbF6 Volume (Å3) NaCl Volume (Å3) Pressure (GPa) 
588.65(2) 178.49(3) 0.178 
588.34(2) 178.35(3) 0.198 
587.99(2) 178.23(3) 0.214 
587.47(2) 178.04(3) 0.240 
587.02(2) 177.88(3) 0.263 
586.58(2) 177.74(3) 0.283 
585.84(2) 177.52(3) 0.315 
585.06(2) 177.28(3) 0.349 
584.47(2) 177.12(3) 0.372 
 
Table A.5: Lattice constants and unit cell volume for MgNbF6 as determined from the 
Rietveld analysis of the x-ray diffraction data acquired while using a Cryostream. 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
111 0.1702 5.4062(2) 13.724(1) 347.36(2) 
114 0.1697 5.4073(2) 13.722(1) 347.47(2) 
117 0.1691 5.4087(2) 13.720(1) 347.60(2) 
120 0.1684 5.4101(2) 13.718(1) 347.73(2) 
122 0.1677 5.4116(2) 13.716(1) 347.87(2) 
125 0.1669 5.4131(2) 13.714(1) 348.01(2) 
128 0.1661 5.4145(2) 13.713(1) 348.15(2) 
130 0.1653 5.4159(2) 13.711(1) 348.29(2) 
133 0.1645 5.4174(2) 13.709(1) 348.43(2) 
136 0.1637 5.4188(2) 13.707(1) 348.57(2) 
139 0.1629 5.4202(2) 13.706(1) 348.71(2) 
141 0.1620 5.4216(2) 13.704(1) 348.85(2) 
144 0.1611 5.4230(2) 13.703(1) 348.99(2) 
147 0.1603 5.4244(2) 13.7009(9) 349.13(2) 
149 0.1594 5.4258(2) 13.6994(9) 349.27(2) 
153 0.1585 5.4272(2) 13.6979(9) 349.42(2) 




Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
158 0.1569 5.4302(2) 13.6948(9) 349.72(2) 
161 0.1561 5.4316(2) 13.6933(9) 349.86(2) 
164 0.1551 5.4331(2) 13.6918(9) 350.01(2) 
167 0.1542 5.4346(2) 13.6902(9) 350.17(2) 
170 0.1534 5.4361(2) 13.6887(9) 350.33(2) 
172 0.1524 5.4377(2) 13.6872(9) 350.49(2) 
175 0.1516 5.4392(2) 13.6857(9) 350.65(2) 
178 0.1507 5.4407(2) 13.6842(9) 350.80(2) 
181 0.1499 5.4423(2) 13.6828(9) 350.96(2) 
184 0.1490 5.4438(2) 13.6813(9) 351.13(2) 
186 0.1483 5.4454(2) 13.6799(9) 351.29(2) 
189 0.1474 5.4470(2) 13.6784(9) 351.47(2) 
192 0.1466 5.4486(2) 13.6769(9) 351.63(2) 
195 0.1458 5.4503(2) 13.6754(9) 351.81(2) 
198 0.1448 5.4519(2) 13.6740(9) 351.98(2) 
201 0.1440 5.4536(2) 13.6725(9) 352.16(2) 
204 0.1431 5.4553(2) 13.6710(9) 352.35(2) 
207 0.1421 5.4571(2) 13.6695(9) 352.54(2) 
210 0.1411 5.4589(2) 13.6679(9) 352.73(2) 
213 0.1400 5.4607(2) 13.6665(9) 352.92(2) 
216 0.1391 5.4625(2) 13.6649(9) 353.12(2) 
219 0.1382 5.4643(2) 13.6635(9) 353.31(2) 
222 0.1372 5.4662(2) 13.6620(9) 353.52(2) 
225 0.1363 5.4681(2) 13.6605(9) 353.72(2) 
228 0.1354 5.4700(2) 13.6590(9) 353.93(2) 
231 0.1345 5.4719(2) 13.6575(9) 354.14(2) 
234 0.1891 5.4737(2) 13.6558(9) 354.33(2) 
237 0.1328 5.4760(2) 13.6544(9) 354.59(2) 
240 0.1321 5.4780(2) 13.6529(9) 354.81(2) 
242 0.1316 5.4801(2) 13.6514(9) 355.04(2) 
245 0.1311 5.4822(2) 13.6499(9) 355.28(2) 
248 0.1306 5.4845(2) 13.6483(9) 355.53(2) 
251 0.1302 5.4869(2) 13.6466(9) 355.80(2) 
254 0.1299 5.4893(2) 13.6448(9) 356.07(2) 
257 0.1296 5.4919(2) 13.6430(9) 356.36(2) 
260 0.1294 5.4946(2) 13.6409(9) 356.66(2) 
263 0.1291 5.4976(2) 13.6386(9) 356.98(2) 
266 0.1290 5.5008(2) 13.6360(9) 357.33(2) 
269 0.1292 5.5046(2) 13.6329(9) 357.74(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
272 0.1320 5.5093(2) 13.6296(9) 358.27(2) 
275 0.1459 5.5158(2) 13.625(1) 358.98(2) 
278 0.1679 5.5237(3) 13.616(1) 359.79(2) 
281 0.1879 7.8354(2) - 481.04(3) 
284 0.1817 7.8407(2) - 482.01(3) 
287 0.1649 7.8444(1) - 482.71(2) 
290 0.1520 7.8463(1) - 483.05(2) 
293 0.1465 7.8472(1) - 483.22(2) 
296 0.1427 7.8479(1) - 483.35(2) 
299 0.1395 7.8484(1) - 483.44(2) 
302 0.1370 7.8489(1) - 483.53(2) 
305 0.1345 7.8493(1) - 483.60(2) 
308 0.1324 7.8496(1) - 483.67(2) 
311 0.1304 7.8500(1) - 483.73(2) 
316 0.1278 7.8504(1) - 483.81(2) 
319 0.1263 7.8506(1) - 483.86(2) 
323 0.1249 7.8509(1) - 483.90(2) 
326 0.1237 7.8511(1) - 483.94(2) 
329 0.1225 7.8513(1) - 483.98(2) 
333 0.1213 7.8515(1) - 484.02(2) 
336 0.1203 7.8517(1) - 484.05(2) 
339 0.1193 7.8519(1) - 484.09(2) 
343 0.1185 7.8521(1) - 484.12(2) 
346 0.1177 7.8522(1) - 484.15(2) 
349 0.1170 7.8524(1) - 484.18(2) 
353 0.1164 7.8525(1) - 484.20(2) 
356 0.1157 7.8527(1) - 484.23(2) 
360 0.1151 7.8528(1) - 484.25(2) 
363 0.1145 7.8529(1) - 484.28(2) 
367 0.1140 7.8530(1) - 484.30(2) 
370 0.1134 7.8532(1) - 484.32(2) 
374 0.1129 7.8533(1) - 484.34(2) 
378 0.1126 7.8534(1) - 484.36(2) 
381 0.1122 7.8535(1) - 484.38(2) 
384 0.1119 7.8536(1) - 484.40(2) 
387 0.1116 7.8536(1) - 484.41(2) 
390 0.1114 7.8537(1) - 484.42(2) 
393 0.1111 7.8538(1) - 484.44(2) 
396 0.1108 7.8539(1) - 484.45(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
399 0.1105 7.8539(1) - 484.46(2) 
403 0.1103 7.8540(1) - 484.48(2) 
406 0.1100 7.8541(1) - 484.49(2) 
409 0.1098 7.8542(1) - 484.51(2) 
412 0.1096 7.8542(1) - 484.52(2) 
415 0.1094 7.8543(1) - 484.53(2) 
418 0.1094 7.8544(1) - 484.55(2) 
422 0.1092 7.8545(1) - 484.56(2) 
425 0.1090 7.8545(1) - 484.57(2) 
427 0.1089 7.8546(1) - 484.58(2) 
430 0.1088 7.8546(1) - 484.59(2) 
433 0.1087 7.8547(1) - 484.60(2) 
436 0.1086 7.8547(1) - 484.61(2) 
439 0.1084 7.8548(1) - 484.62(2) 
442 0.1084 7.8549(1) - 484.64(2) 
444 0.1083 7.8549(1) - 484.65(2) 
447 0.1083 7.8550(1) - 484.65(2) 
450 0.1082 7.8550(1) - 484.66(2) 
452 0.1082 7.8550(1) - 484.67(2) 
455 0.1081 7.8551(1) - 484.68(2) 
457 0.1082 7.8552(1) - 484.69(2) 
460 0.1081 7.8552(1) - 484.70(2) 
463 0.1081 7.8552(1) - 484.71(2) 
465 0.1080 7.8553(1) - 484.71(2) 
468 0.1080 7.8553(1) - 484.72(2) 
471 0.1079 7.8554(1) - 484.73(2) 
473 0.1079 7.8554(1) - 484.74(2) 
476 0.1078 7.8555(1) - 484.74(2) 
478 0.1077 7.8555(1) - 484.75(2) 
481 0.1077 7.8555(1) - 484.76(2) 
483 0.1076 7.8556(1) - 484.77(2) 
486 0.1078 7.8556(1) - 484.78(2) 
488 0.1076 7.8557(1) - 484.79(2) 
491 0.1077 7.8557(1) - 484.79(2) 
493 0.1076 7.8558(1) - 484.80(2) 
495 0.1075 7.8558(1) - 484.81(2) 
498 0.1074 7.8558(1) - 484.81(2) 
501 0.1074 7.8559(1) - 484.82(2) 
503 0.1075 7.8559(1) - 484.83(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
503 0.1074 7.8559(1) - 484.83(2) 
502 0.1076 7.8559(1) - 484.83(2) 
500 0.1076 7.8559(1) - 484.82(2) 
498 0.1076 7.8558(1) - 484.81(2) 
496 0.1076 7.8558(1) - 484.81(2) 
494 0.1078 7.8558(1) - 484.80(2) 
491 0.1079 7.8557(1) - 484.80(2) 
489 0.1080 7.8557(1) - 484.79(2) 
487 0.1079 7.8556(1) - 484.78(2) 
484 0.1081 7.8556(1) - 484.77(2) 
481 0.1082 7.8555(1) - 484.76(2) 
478 0.1083 7.8555(1) - 484.75(2) 
475 0.1084 7.8555(1) - 484.74(2) 
472 0.1084 7.8554(1) - 484.73(2) 
471 0.1085 7.8553(1) - 484.72(2) 
469 0.1085 7.8553(1) - 484.71(2) 
467 0.1086 7.8552(1) - 484.70(2) 
461 0.1087 7.8552(1) - 484.69(2) 
458 0.1088 7.8551(1) - 484.68(2) 
455 0.1090 7.8551(1) - 484.67(2) 
452 0.1091 7.8550(1) - 484.66(2) 
449 0.1091 7.8549(1) - 484.65(2) 
446 0.1092 7.8549(1) - 484.64(2) 
444 0.1093 7.8548(1) - 484.63(2) 
441 0.1095 7.8548(1) - 484.62(2) 
438 0.1096 7.8547(1) - 484.61(2) 
435 0.1097 7.8546(1) - 484.59(2) 
432 0.1099 7.8546(1) - 484.58(2) 
429 0.1100 7.8545(1) - 484.57(2) 
426 0.1102 7.8544(1) - 484.56(2) 
424 0.1104 7.8544(1) - 484.55(2) 
421 0.1106 7.8543(1) - 484.53(2) 
418 0.1108 7.8543(1) - 484.52(2) 
415 0.1110 7.8542(1) - 484.51(2) 
412 0.1112 7.8541(1) - 484.50(2) 
409 0.1114 7.8540(1) - 484.48(2) 
406 0.1117 7.8540(1) - 484.47(2) 
403 0.1119 7.8539(1) - 484.46(2) 
400 0.1122 7.8538(1) - 484.44(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
396 0.1125 7.8538(1) - 484.43(2) 
394 0.1127 7.8537(1) - 484.42(2) 
391 0.1130 7.8536(1) - 484.40(2) 
388 0.1132 7.8535(1) - 484.39(2) 
385 0.1135 7.8535(1) - 484.37(2) 
382 0.1138 7.8534(1) - 484.36(2) 
379 0.1143 7.8533(1) - 484.34(2) 
375 0.1146 7.8532(1) - 484.32(2) 
372 0.1152 7.8531(1) - 484.31(2) 
368 0.1157 7.8530(1) - 484.28(2) 
365 0.1162 7.8528(1) - 484.26(2) 
362 0.1168 7.8527(1) - 484.24(2) 
358 0.1174 7.8526(1) - 484.21(2) 
355 0.1180 7.8525(1) - 484.19(2) 
352 0.1188 7.8523(1) - 484.16(2) 
348 0.1195 7.8522(1) - 484.14(2) 
345 0.1203 7.8520(1) - 484.11(2) 
342 0.1212 7.8519(1) - 484.08(2) 
338 0.1222 7.8517(1) - 484.05(2) 
335 0.1232 7.8515(1) - 484.01(2) 
332 0.1244 7.8513(1) - 483.98(2) 
329 0.1255 7.8511(1) - 483.94(2) 
325 0.1268 7.8509(1) - 483.90(2) 
322 0.1283 7.8506(1) - 483.85(2) 
319 0.1299 7.8504(1) - 483.80(2) 
314 0.1327 7.8499(1) - 483.71(2) 
311 0.1344 7.8495(1) - 483.65(2) 
308 0.1366 7.8492(1) - 483.58(2) 
305 0.1389 7.8488(1) - 483.51(2) 
302 0.1416 7.8483(1) - 483.42(2) 
299 0.1446 7.8477(1) - 483.31(2) 
296 0.1485 7.8470(1) - 483.18(2) 
293 0.1543 7.8460(1) - 482.99(2) 
290 0.1656 7.8441(1) - 482.65(2) 
287 0.1790 7.8407(2) - 482.02(2) 
285 0.1847 7.8360(2) - 481.15(3) 
282 0.1826 7.8308(2) - 480.20(3) 
279 0.1606 5.5188(3) 13.623(1) 359.33(2) 
276 0.1446 5.5126(2) 13.627(1) 358.62(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
273 0.1329 5.5075(2) 13.6300(9) 358.04(2) 
270 0.1287 5.5034(2) 13.6326(9) 357.58(2) 
267 0.1273 5.5001(2) 13.6350(9) 357.21(2) 
264 0.1267 5.4971(2) 13.6371(9) 356.88(2) 
261 0.1268 5.4944(2) 13.6391(9) 356.58(2) 
258 0.1271 5.4917(2) 13.6409(9) 356.28(2) 
255 0.1278 5.4893(2) 13.6427(9) 356.01(2) 
252 0.1288 5.4869(2) 13.6445(9) 355.75(2) 
249 0.1299 5.4846(2) 13.6461(9) 355.49(2) 
246 0.1309 5.4825(2) 13.6476(9) 355.26(2) 
243 0.1322 5.4803(2) 13.6493(9) 355.02(2) 
241 0.1334 5.4783(2) 13.6509(9) 354.79(2) 
238 0.1347 5.4762(2) 13.6524(9) 354.57(2) 
235 0.1362 5.4742(2) 13.6540(9) 354.35(2) 
232 0.1375 5.4723(2) 13.6556(9) 354.14(2) 
229 0.1388 5.4703(2) 13.6571(9) 353.93(2) 
226 0.1400 5.4684(2) 13.6587(9) 353.72(2) 
223 0.1413 5.4665(2) 13.6602(9) 353.52(2) 
220 0.1426 5.4647(2) 13.6618(9) 353.32(2) 
217 0.1438 5.4628(2) 13.6634(9) 353.12(2) 
215 0.1449 5.4611(2) 13.6648(9) 352.94(2) 
212 0.1462 5.4593(2) 13.6664(9) 352.74(2) 
209 0.1473 5.4575(2) 13.6680(9) 352.55(2) 
206 0.1485 5.4557(2) 13.6696(9) 352.36(2) 
203 0.1497 5.4540(2) 13.6711(9) 352.18(2) 
200 0.1508 5.4523(2) 13.6727(9) 352.00(2) 
197 0.1517 5.4507(2) 13.6742(9) 351.83(2) 
194 0.1527 5.4490(2) 13.6757(9) 351.66(2) 
191 0.1538 5.4474(2) 13.6772(9) 351.48(2) 
188 0.1547 5.4458(2) 13.6787(9) 351.32(2) 
186 0.1557 5.4442(2) 13.6802(9) 351.15(2) 
183 0.1566 5.4427(2) 13.6817(9) 350.99(2) 
180 0.1575 5.4411(2) 13.6832(9) 350.82(2) 
177 0.1584 5.4395(2) 13.6847(9) 350.66(2) 
174 0.1593 5.4380(2) 13.6862(9) 350.50(2) 
171 0.1602 5.4364(2) 13.6877(9) 350.34(2) 
168 0.1613 5.4348(2) 13.6894(9) 350.18(2) 
165 0.1622 5.4333(2) 13.6909(9) 350.02(2) 
163 0.1630 5.4318(2) 13.6924(9) 349.87(2) 
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Table A.5 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
160 0.1639 5.4304(2) 13.6939(9) 349.72(2) 
157 0.1647 5.4289(2) 13.6955(9) 349.56(2) 
154 0.1657 5.4274(2) 13.697(1) 349.41(2) 
152 0.1665 5.4260(2) 13.699(1) 349.27(2) 
149 0.1674 5.4245(2) 13.700(1) 349.12(2) 
146 0.1682 5.4231(2) 13.702(1) 348.98(2) 
144 0.1690 5.4217(2) 13.703(1) 348.84(2) 
141 0.1698 5.4202(2) 13.705(1) 348.70(2) 
139 0.1706 5.4188(2) 13.707(1) 348.55(2) 
136 0.1713 5.4174(2) 13.708(1) 348.41(2) 
134 0.1720 5.4160(2) 13.710(1) 348.27(2) 
131 0.1727 5.4145(2) 13.712(1) 348.13(2) 
128 0.1735 5.4130(2) 13.714(1) 347.98(2) 
126 0.1742 5.4114(2) 13.716(1) 347.84(2) 
123 0.1749 5.4100(3) 13.718(1) 347.70(2) 
120 0.1755 5.4086(3) 13.719(1) 347.56(2) 
117 0.1760 5.4072(3) 13.721(1) 347.44(2) 
 
Table A.6: Lattice constants and unit cell volume for MgZrF6 as determined from the 
Rietveld analysis of the x-ray diffraction data acquired while using a Cryostream. 
Temperature (K) Rwp a (Å) Volume (Å3) 
112 0.1414 7.94604(7) 501.71(2) 
116 0.1407 7.94628(7) 501.76(1) 
116 0.1396 7.94642(7) 501.78(1) 
120 0.1375 7.94672(7) 501.84(1) 
123 0.1367 7.94685(7) 501.86(1) 
125 0.1353 7.94692(7) 501.88(1) 
128 0.1334 7.94698(7) 501.89(1) 
131 0.1319 7.94701(7) 501.89(1) 
133 0.1307 7.94702(7) 501.89(1) 
136 0.1305 7.94699(7) 501.89(1) 




Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
142 0.1275 7.94691(7) 501.87(1) 
145 0.1271 7.94684(7) 501.86(1) 
146 0.1254 7.94680(7) 501.85(1) 
148 0.1244 7.94677(7) 501.85(1) 
154 0.1240 7.94665(6) 501.83(1) 
155 0.1244 7.94658(6) 501.81(1) 
159 0.1226 7.94649(6) 501.80(1) 
161 0.1215 7.94642(6) 501.78(1) 
164 0.1204 7.94632(6) 501.76(1) 
167 0.1201 7.94623(6) 501.75(1) 
170 0.1196 7.94615(6) 501.73(1) 
173 0.1192 7.94606(6) 501.71(1) 
175 0.1186 7.94598(6) 501.70(1) 
178 0.1182 7.94588(6) 501.68(1) 
181 0.1174 7.94579(6) 501.66(1) 
184 0.1164 7.94569(6) 501.64(1) 
187 0.1163 7.94559(6) 501.63(1) 
190 0.1156 7.94549(6) 501.61(1) 
193 0.1152 7.94539(6) 501.59(1) 
196 0.1149 7.94529(6) 501.57(1) 
198 0.1147 7.94520(6) 501.55(1) 
201 0.1142 7.94512(6) 501.54(1) 
205 0.1139 7.94503(6) 501.52(1) 
207 0.1140 7.94492(6) 501.50(1) 
210 0.1136 7.94482(6) 501.48(1) 
213 0.1133 7.94471(6) 501.46(1) 
216 0.1129 7.94462(6) 501.44(1) 
219 0.1125 7.94454(6) 501.43(1) 
222 0.1122 7.94444(6) 501.41(1) 
225 0.1118 7.94435(6) 501.39(1) 
228 0.1115 7.94426(6) 501.37(1) 
231 0.1112 7.94418(6) 501.36(1) 
234 0.1109 7.94409(6) 501.34(1) 
237 0.1110 7.94399(6) 501.32(1) 
240 0.1106 7.94390(6) 501.30(1) 
243 0.1101 7.94382(6) 501.29(1) 
246 0.1098 7.94373(6) 501.27(1) 
248 0.1098 7.94365(6) 501.26(1) 
251 0.1097 7.94357(6) 501.24(1) 
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Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
254 0.1095 7.94348(6) 501.23(1) 
257 0.1092 7.94342(6) 501.21(1) 
260 0.1090 7.94334(6) 501.20(1) 
263 0.1087 7.94327(6) 501.18(1) 
266 0.1090 7.94319(6) 501.17(1) 
269 0.1087 7.94312(6) 501.16(1) 
272 0.1087 7.94303(6) 501.14(1) 
275 0.1083 7.94297(6) 501.13(1) 
278 0.1077 7.94291(6) 501.12(1) 
281 0.1077 7.94283(6) 501.10(1) 
284 0.1076 7.94276(6) 501.09(1) 
287 0.1074 7.94268(6) 501.07(1) 
290 0.1074 7.94261(6) 501.06(1) 
293 0.1071 7.94254(6) 501.05(1) 
296 0.1068 7.94248(6) 501.04(1) 
299 0.1065 7.94240(6) 501.02(1) 
302 0.1062 7.94233(6) 501.01(1) 
305 0.1062 7.94226(6) 500.99(1) 
308 0.1063 7.94219(6) 500.98(1) 
312 0.1063 7.94212(6) 500.97(1) 
316 0.1063 7.94202(6) 500.95(1) 
320 0.1060 7.94196(6) 500.94(1) 
323 0.1062 7.94190(6) 500.93(1) 
326 0.1056 7.94183(6) 500.91(1) 
329 0.1053 7.94176(6) 500.90(1) 
333 0.1046 7.94170(6) 500.89(1) 
336 0.1044 7.94162(6) 500.87(1) 
340 0.1044 7.94156(6) 500.86(1) 
343 0.1040 7.94149(6) 500.85(1) 
346 0.1040 7.94143(6) 500.84(1) 
350 0.1038 7.94138(6) 500.83(1) 
353 0.1037 7.94133(6) 500.82(1) 
356 0.1036 7.94130(6) 500.81(1) 
360 0.1033 7.94124(6) 500.80(1) 
364 0.1035 7.94119(6) 500.79(1) 
367 0.1036 7.94114(6) 500.78(1) 
371 0.1040 7.94108(6) 500.77(1) 
374 0.1042 7.94103(6) 500.76(1) 
378 0.1038 7.94099(6) 500.75(1) 
 
 205 
Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
381 0.1037 7.94096(6) 500.75(1) 
385 0.1038 7.94092(6) 500.74(1) 
388 0.1036 7.94089(6) 500.74(1) 
390 0.1034 7.94086(6) 500.73(1) 
393 0.1033 7.94082(6) 500.72(1) 
396 0.1040 7.94079(6) 500.72(1) 
400 0.1033 7.94075(6) 500.71(1) 
403 0.1033 7.94071(6) 500.70(1) 
406 0.1032 7.94068(6) 500.70(1) 
409 0.1029 7.94066(6) 500.69(1) 
412 0.1028 7.94062(6) 500.68(1) 
416 0.1028 7.94059(6) 500.68(1) 
419 0.1027 7.94056(6) 500.67(1) 
422 0.1025 7.94053(6) 500.67(1) 
425 0.1025 7.94050(6) 500.66(1) 
428 0.1023 7.94047(6) 500.66(1) 
431 0.1022 7.94046(6) 500.65(1) 
434 0.1020 7.94042(6) 500.65(1) 
437 0.1020 7.94041(6) 500.64(1) 
440 0.1019 7.94040(6) 500.64(1) 
443 0.1017 7.94037(6) 500.64(1) 
443 0.1017 7.94038(6) 500.64(1) 
447 0.1016 7.94036(6) 500.63(1) 
451 0.1014 7.94034(6) 500.63(1) 
451 0.1012 7.94032(6) 500.63(1) 
456 0.1010 7.94030(6) 500.62(1) 
457 0.1008 7.94029(6) 500.62(1) 
461 0.1007 7.94027(6) 500.62(1) 
464 0.1006 7.94026(6) 500.62(1) 
464 0.1004 7.94026(6) 500.62(1) 
468 0.1003 7.94026(6) 500.62(1) 
471 0.1002 7.94024(6) 500.61(1) 
474 0.1001 7.94024(6) 500.61(1) 
477 0.1002 7.94025(6) 500.61(1) 
479 0.1001 7.94024(6) 500.61(1) 
482 0.1000 7.94023(6) 500.61(1) 
484 0.1001 7.94024(6) 500.61(1) 
487 0.1001 7.94025(6) 500.61(1) 
489 0.1002 7.94025(6) 500.61(1) 
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Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
492 0.1001 7.94023(6) 500.61(1) 
494 0.1001 7.94025(6) 500.61(1) 
496 0.0999 7.94025(6) 500.61(1) 
499 0.0998 7.94025(6) 500.61(1) 
501 0.0999 7.94026(6) 500.62(1) 
504 0.0998 7.94025(6) 500.61(1) 
504 0.0997 7.94026(6) 500.62(1) 
502 0.0994 7.94026(6) 500.61(1) 
499 0.0995 7.94026(6) 500.62(1) 
498 0.0995 7.94025(6) 500.61(1) 
496 0.0995 7.94025(6) 500.61(1) 
494 0.0995 7.94025(6) 500.61(1) 
491 0.0996 7.94024(6) 500.61(1) 
489 0.0994 7.94025(6) 500.61(1) 
486 0.0994 7.94025(6) 500.61(1) 
483 0.0995 7.94025(6) 500.61(1) 
481 0.0994 7.94026(6) 500.62(1) 
478 0.0994 7.94027(6) 500.62(1) 
475 0.0997 7.94027(6) 500.62(1) 
473 0.0995 7.94028(6) 500.62(1) 
470 0.0994 7.94028(6) 500.62(1) 
468 0.0992 7.94028(6) 500.62(1) 
464 0.0994 7.94029(6) 500.62(1) 
461 0.0991 7.94029(6) 500.62(1) 
458 0.0993 7.94031(6) 500.63(1) 
455 0.0993 7.94032(6) 500.63(1) 
452 0.0992 7.94033(6) 500.63(1) 
449 0.0993 7.94035(6) 500.63(1) 
447 0.0994 7.94037(6) 500.64(1) 
444 0.0995 7.94038(6) 500.64(1) 
441 0.0995 7.94039(6) 500.64(1) 
438 0.0998 7.94041(6) 500.65(1) 
435 0.0999 7.94044(6) 500.65(1) 
432 0.1001 7.94045(6) 500.65(1) 
429 0.1000 7.94047(6) 500.66(1) 
426 0.1002 7.94050(6) 500.66(1) 
423 0.1002 7.94051(6) 500.66(1) 
420 0.1000 7.94052(6) 500.67(1) 
417 0.1002 7.94055(6) 500.67(1) 
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Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
414 0.1003 7.94058(6) 500.68(1) 
411 0.1002 7.94060(6) 500.68(1) 
408 0.1002 7.94063(6) 500.68(1) 
405 0.1001 7.94063(6) 500.68(1) 
402 0.1000 7.94064(6) 500.69(1) 
399 0.1000 7.94064(6) 500.69(1) 
396 0.1005 7.94065(6) 500.69(1) 
393 0.1010 7.94065(6) 500.69(1) 
391 0.1012 7.94067(6) 500.69(1) 
388 0.1015 7.94070(6) 500.70(1) 
385 0.1014 7.94072(6) 500.70(1) 
381 0.1014 7.94075(6) 500.71(1) 
378 0.1014 7.94078(6) 500.71(1) 
374 0.1016 7.94082(6) 500.72(1) 
372 0.1015 7.94085(6) 500.73(1) 
368 0.1017 7.94089(6) 500.73(1) 
365 0.1015 7.94092(6) 500.74(1) 
361 0.1016 7.94097(6) 500.75(1) 
358 0.1016 7.94101(6) 500.76(1) 
355 0.1015 7.94105(6) 500.76(1) 
351 0.1015 7.94109(6) 500.77(1) 
348 0.1017 7.94114(6) 500.78(1) 
344 0.1019 7.94119(6) 500.79(1) 
341 0.1020 7.94125(6) 500.80(1) 
338 0.1020 7.94130(6) 500.81(1) 
335 0.1022 7.94137(6) 500.83(1) 
331 0.1021 7.94142(6) 500.84(1) 
328 0.1023 7.94149(6) 500.85(1) 
325 0.1025 7.94157(6) 500.86(1) 
322 0.1024 7.94164(6) 500.88(1) 
319 0.1022 7.94171(6) 500.89(1) 
313 0.1021 7.94181(6) 500.91(1) 
311 0.1023 7.94186(6) 500.92(1) 
308 0.1023 7.94195(6) 500.93(1) 
305 0.1024 7.94201(6) 500.95(1) 
302 0.1025 7.94207(6) 500.96(1) 
299 0.1026 7.94214(6) 500.97(1) 
296 0.1028 7.94221(6) 500.98(1) 
293 0.1030 7.94228(6) 501.00(1) 
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Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
290 0.1033 7.94235(6) 501.01(1) 
288 0.1033 7.94241(6) 501.02(1) 
285 0.1036 7.94248(6) 501.04(1) 
282 0.1035 7.94254(6) 501.05(1) 
279 0.1038 7.94262(6) 501.06(1) 
276 0.1044 7.94269(6) 501.08(1) 
273 0.1046 7.94276(6) 501.09(1) 
270 0.1048 7.94282(6) 501.10(1) 
267 0.1047 7.94289(6) 501.11(1) 
264 0.1053 7.94296(6) 501.13(1) 
262 0.1056 7.94304(6) 501.14(1) 
258 0.1058 7.94310(6) 501.15(1) 
255 0.1060 7.94318(6) 501.17(1) 
253 0.1059 7.94325(6) 501.18(1) 
250 0.1063 7.94333(6) 501.20(1) 
247 0.1065 7.94340(6) 501.21(1) 
244 0.1073 7.94348(6) 501.22(1) 
241 0.1081 7.94357(6) 501.24(1) 
238 0.1086 7.94365(6) 501.26(1) 
235 0.1086 7.94373(6) 501.27(1) 
232 0.1093 7.94381(6) 501.29(1) 
229 0.1096 7.94389(6) 501.30(1) 
226 0.1096 7.94398(6) 501.32(1) 
223 0.1100 7.94408(6) 501.34(1) 
220 0.1103 7.94415(6) 501.35(1) 
217 0.1111 7.94425(6) 501.37(1) 
214 0.1116 7.94434(6) 501.39(1) 
212 0.1119 7.94443(6) 501.40(1) 
209 0.1120 7.94452(6) 501.42(1) 
206 0.1126 7.94462(6) 501.44(1) 
203 0.1130 7.94471(6) 501.46(1) 
199 0.1136 7.94481(6) 501.48(1) 
197 0.1134 7.94490(6) 501.49(1) 
193 0.1142 7.94499(6) 501.51(1) 
192 0.1140 7.94507(6) 501.53(1) 
187 0.1142 7.94518(6) 501.55(1) 
186 0.1152 7.94524(6) 501.56(1) 
181 0.1162 7.94535(6) 501.58(1) 
181 0.1166 7.94542(6) 501.59(1) 
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Table A.6 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
176 0.1171 7.94553(6) 501.61(1) 
176 0.1176 7.94561(6) 501.63(1) 
173 0.1188 7.94569(6) 501.64(1) 
169 0.1196 7.94578(6) 501.66(1) 
165 0.1194 7.94588(6) 501.68(1) 
161 0.1204 7.94595(6) 501.69(1) 
160 0.1216 7.94605(6) 501.71(1) 
159 0.1229 7.94608(6) 501.72(1) 
156 0.1232 7.94615(6) 501.73(1) 
153 0.1244 7.94623(6) 501.75(1) 
150 0.1251 7.94628(6) 501.75(1) 
147 0.1273 7.94632(7) 501.76(1) 
144 0.1273 7.94635(7) 501.77(1) 
141 0.1282 7.94638(7) 501.77(1) 
139 0.1299 7.94639(7) 501.78(1) 
136 0.1307 7.94637(7) 501.77(1) 
133 0.1324 7.94633(7) 501.76(1) 
130 0.1339 7.94627(7) 501.75(1) 
127 0.1360 7.94617(7) 501.74(1) 
127 0.1366 7.94614(7) 501.73(1) 
123 0.1369 7.94592(7) 501.69(1) 
121 0.1392 7.94571(7) 501.65(1) 
118 0.1397 7.94542(7) 501.59(1) 
 
Table A.7: Lattice constants and unit cell volume for MgZrF6 as determined from the 
Rietveld analysis of the high resolution x-ray diffraction data acquired using a helium 
cryostat. 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
150.0 0.2463 7.94237(1) - 501.014(2) 
150.0 0.2481 7.94237(1) - 501.014(2) 
150.0 0.2472 7.94236(1) - 501.012(2) 
150.0 0.2472 7.94238(1) - 501.016(2) 
150.0 0.2474 7.94238(1) - 501.016(2) 
150.0 0.2477 7.94236(1) - 501.013(2) 
150.0 0.2469 7.94238(1) - 501.017(2) 




Table A.7 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
150.0 0.2466 7.94237(1) - 501.014(2) 
150.0 0.2471 7.94238(1) - 501.016(2) 
150.0 0.2468 7.94238(1) - 501.016(2) 
149.8 0.2472 7.94238(1) - 501.017(2) 
147.6 0.2505 7.94246(1) - 501.032(2) 
144.9 0.2536 7.94256(1) - 501.050(2) 
142.1 0.2568 7.94265(1) - 501.068(2) 
139.3 0.2602 7.94273(1) - 501.082(2) 
136.5 0.2641 7.94281(1) - 501.098(2) 
133.7 0.2685 7.94287(1) - 501.109(2) 
131.0 0.2737 7.94293(1) - 501.121(2) 
128.2 0.2789 7.94297(1) - 501.128(2) 
125.4 0.2836 7.94300(1) - 501.133(2) 
122.6 0.2899 7.94301(1) - 501.137(2) 
119.8 0.2967 7.94300(1) - 501.134(2) 
117.1 0.3033 7.94296(1) - 501.126(2) 
114.3 0.3089 7.94286(1) - 501.108(3) 
111.5 0.3166 7.94269(2) - 501.075(3) 
108.7 0.3206 7.94241(2) - 501.022(3) 
105.9 0.3280 7.94195(2) - 500.935(3) 
103.1 0.3348 7.94121(2) - 500.795(4) 
100.4 0.3425 7.94004(2) - 500.574(5) 
97.6 0.3310 5.61003(6) 13.7622(3) 375.102(4) 
94.8 0.3110 5.60729(5) 13.7642(2) 374.790(4) 
92.0 0.2920 5.60438(4) 13.7664(2) 374.460(4) 
89.2 0.2702 5.60138(3) 13.7687(2) 374.123(4) 
86.5 0.2528 5.59866(3) 13.7704(1) 373.805(3) 
83.7 0.2421 5.59622(3) 13.7715(1) 373.511(3) 
80.9 0.2356 5.59400(3) 13.7726(1) 373.243(3) 
78.1 0.2325 5.59200(3) 13.7735(1) 373.001(3) 
75.3 0.2301 5.59016(3) 13.7743(1) 372.778(3) 
72.6 0.2310 5.58852(3) 13.7752(1) 372.583(3) 
69.8 0.2283 5.58699(3) 13.7759(1) 372.397(3) 
67.0 0.2301 5.58558(3) 13.7766(1) 372.227(3) 
64.2 0.2293 5.58425(3) 13.7773(1) 372.070(3) 
61.4 0.2296 5.58304(3) 13.7777(1) 371.919(3) 
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Table A.7 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
58.6 0.2322 5.58187(3) 13.7783(1) 371.781(3) 
55.9 0.2334 5.58078(3) 13.7790(1) 371.654(3) 
53.1 0.2310 5.57983(3) 13.7795(1) 371.540(3) 
50.3 0.2327 5.57894(3) 13.7798(1) 371.430(3) 
47.5 0.2337 5.57813(3) 13.7801(1) 371.331(3) 
44.7 0.2338 5.57736(3) 13.7805(1) 371.239(3) 
42.0 0.2340 5.57659(3) 13.7809(1) 371.146(3) 
39.2 0.2344 5.57598(3) 13.7810(1) 371.070(3) 
36.4 0.2346 5.57537(3) 13.7817(1) 371.005(3) 
33.6 0.2354 5.57487(3) 13.7816(1) 370.937(3) 
30.9 0.2365 5.57438(3) 13.7820(1) 370.882(3) 
28.1 0.2353 5.57389(3) 13.7822(1) 370.823(3) 
25.3 0.2360 5.57348(3) 13.7825(1) 370.776(3) 
22.5 0.2370 5.57316(3) 13.7825(1) 370.735(3) 
19.7 0.2375 5.57284(3) 13.7828(1) 370.698(3) 
17.0 0.2368 5.57252(3) 13.7830(1) 370.661(3) 
14.2 0.2377 5.57228(3) 13.7832(1) 370.636(3) 
11.3 0.2390 5.57217(3) 13.7833(1) 370.624(3) 
 
Table A.8: Lattice constants and unit cell volume for the MgZrF6 as determined from the 
Rietveld analysis of the x-ray diffraction data acquired while using a furnace. 
Temperature (K) Rwp a (Å) Volume (Å3) 
299 0.1112 7.94134(7) 500.82(1) 
299 0.1111 7.94137(7) 500.83(1) 
299 0.1112 7.94139(7) 500.83(1) 
299 0.1112 7.94140(7) 500.83(1) 
300 0.1112 7.94139(7) 500.83(1) 
301 0.1112 7.94136(7) 500.82(1) 
304 0.1112 7.94128(7) 500.81(1) 




Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
309 0.1112 7.94118(7) 500.79(1) 
311 0.1113 7.94114(7) 500.78(1) 
313 0.1111 7.94108(7) 500.77(1) 
315 0.1112 7.94104(7) 500.76(1) 
317 0.1111 7.94099(7) 500.75(1) 
319 0.1111 7.94093(7) 500.74(1) 
320 0.1111 7.94092(7) 500.74(1) 
323 0.1111 7.94087(7) 500.73(1) 
325 0.1110 7.94083(7) 500.72(1) 
327 0.1109 7.94077(7) 500.71(1) 
329 0.1109 7.94073(7) 500.71(1) 
331 0.1108 7.94069(7) 500.70(1) 
333 0.1107 7.94064(7) 500.69(1) 
336 0.1107 7.94059(7) 500.68(1) 
336 0.1108 7.94059(7) 500.68(1) 
340 0.1107 7.94052(7) 500.67(1) 
341 0.1106 7.94049(7) 500.66(1) 
343 0.1107 7.94045(7) 500.65(1) 
345 0.1107 7.94044(7) 500.65(1) 
347 0.1106 7.94039(7) 500.64(1) 
349 0.1105 7.94033(7) 500.63(1) 
351 0.1104 7.94031(7) 500.63(1) 
354 0.1103 7.94026(7) 500.61(1) 
355 0.1102 7.94025(7) 500.61(1) 
357 0.1102 7.94022(7) 500.61(1) 
360 0.1102 7.94018(7) 500.60(1) 
361 0.1100 7.94015(7) 500.59(1) 
362 0.1100 7.94013(7) 500.59(1) 
363 0.1099 7.94010(7) 500.59(1) 
367 0.1098 7.94005(7) 500.58(1) 
369 0.1097 7.94003(7) 500.57(1) 
372 0.1096 7.93999(7) 500.56(1) 
374 0.1097 7.93994(7) 500.56(1) 
374 0.1096 7.93994(7) 500.55(1) 
377 0.1095 7.93990(7) 500.55(1) 
379 0.1096 7.93987(7) 500.54(1) 
381 0.1096 7.93984(7) 500.54(1) 
383 0.1095 7.93982(7) 500.53(1) 
384 0.1095 7.93981(7) 500.53(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
387 0.1095 7.93978(7) 500.53(1) 
389 0.1095 7.93974(7) 500.52(1) 
391 0.1095 7.93972(7) 500.51(1) 
394 0.1094 7.93969(7) 500.51(1) 
395 0.1094 7.93970(7) 500.51(1) 
397 0.1093 7.93965(7) 500.50(1) 
399 0.1094 7.93965(7) 500.50(1) 
401 0.1094 7.93963(7) 500.50(1) 
401 0.1094 7.93959(7) 500.49(1) 
405 0.1093 7.93957(7) 500.49(1) 
407 0.1094 7.93956(7) 500.48(1) 
406 0.1094 7.93956(7) 500.48(1) 
411 0.1093 7.93951(7) 500.47(1) 
412 0.1092 7.93950(7) 500.47(1) 
415 0.1092 7.93947(7) 500.47(1) 
419 0.1092 7.93943(7) 500.46(1) 
419 0.1091 7.93944(7) 500.46(1) 
423 0.1090 7.93940(7) 500.45(1) 
424 0.1092 7.93940(7) 500.45(1) 
423 0.1091 7.93938(7) 500.45(1) 
428 0.1091 7.93937(7) 500.45(1) 
429 0.1089 7.93934(7) 500.44(1) 
431 0.1090 7.93933(7) 500.44(1) 
434 0.1089 7.93933(7) 500.44(1) 
435 0.1089 7.93932(7) 500.44(1) 
436 0.1088 7.93931(7) 500.44(1) 
439 0.1088 7.93929(7) 500.43(1) 
441 0.1088 7.93929(7) 500.43(1) 
444 0.1089 7.93926(7) 500.43(1) 
445 0.1088 7.93926(7) 500.43(1) 
445 0.1087 7.93926(7) 500.43(1) 
449 0.1087 7.93925(7) 500.42(1) 
449 0.1087 7.93923(7) 500.42(1) 
451 0.1086 7.93923(7) 500.42(1) 
454 0.1084 7.93921(7) 500.42(1) 
455 0.1085 7.93920(7) 500.42(1) 
460 0.1084 7.93918(7) 500.41(1) 
458 0.1083 7.93918(7) 500.41(1) 
463 0.1082 7.93917(7) 500.41(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
465 0.1082 7.93916(7) 500.41(1) 
467 0.1082 7.93917(7) 500.41(1) 
468 0.1080 7.93916(7) 500.41(1) 
471 0.1080 7.93915(7) 500.41(1) 
473 0.1079 7.93914(7) 500.40(1) 
475 0.1079 7.93913(7) 500.40(1) 
477 0.1079 7.93913(7) 500.40(1) 
479 0.1078 7.93912(7) 500.40(1) 
481 0.1078 7.93911(7) 500.40(1) 
483 0.1078 7.93912(7) 500.40(1) 
484 0.1078 7.93912(7) 500.40(1) 
488 0.1078 7.93913(7) 500.40(1) 
488 0.1076 7.93912(7) 500.40(1) 
492 0.1076 7.93912(7) 500.40(1) 
492 0.1075 7.93912(7) 500.40(1) 
496 0.1075 7.93912(7) 500.40(1) 
495 0.1075 7.93912(7) 500.40(1) 
497 0.1073 7.93913(7) 500.40(1) 
600 0.1056 7.94049(7) 500.44(1) 
600 0.1048 7.94051(7) 500.45(1) 
603 0.1043 7.94057(7) 500.46(1) 
604 0.1038 7.94054(7) 500.45(1) 
609 0.1032 7.94057(7) 500.46(1) 
608 0.1028 7.94058(7) 500.46(1) 
610 0.1025 7.94062(7) 500.47(1) 
613 0.1021 7.94062(7) 500.47(1) 
616 0.1020 7.94066(7) 500.48(1) 
616 0.1016 7.94066(7) 500.48(1) 
619 0.1014 7.94067(7) 500.48(1) 
623 0.1012 7.94073(7) 500.49(1) 
623 0.1010 7.94074(7) 500.49(1) 
623 0.1010 7.94077(7) 500.50(1) 
628 0.1009 7.94079(7) 500.50(1) 
629 0.1011 7.94083(7) 500.51(1) 
632 0.1009 7.94082(7) 500.51(1) 
634 0.1010 7.94085(7) 500.51(1) 
635 0.1009 7.94085(7) 500.51(1) 
638 0.1007 7.94088(7) 500.52(1) 
639 0.1008 7.94091(7) 500.52(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
640 0.1009 7.94090(7) 500.52(1) 
644 0.1010 7.94094(7) 500.53(1) 
645 0.1011 7.94099(7) 500.54(1) 
648 0.1010 7.94101(7) 500.54(1) 
649 0.1011 7.94101(7) 500.54(1) 
651 0.1010 7.94101(7) 500.54(1) 
654 0.1012 7.94107(7) 500.55(1) 
656 0.1012 7.94108(7) 500.55(1) 
658 0.1013 7.94112(7) 500.56(1) 
659 0.1013 7.94115(7) 500.57(1) 
663 0.1015 7.94117(7) 500.57(1) 
664 0.1017 7.94123(7) 500.58(1) 
666 0.1018 7.94125(7) 500.59(1) 
669 0.1019 7.94124(7) 500.59(1) 
670 0.1021 7.94127(7) 500.59(1) 
672 0.1021 7.94128(7) 500.59(1) 
675 0.1023 7.94136(7) 500.61(1) 
674 0.1023 7.94138(7) 500.61(1) 
678 0.1024 7.94136(7) 500.61(1) 
679 0.1025 7.94138(7) 500.61(1) 
681 0.1026 7.94142(7) 500.62(1) 
683 0.1026 7.94148(7) 500.63(1) 
686 0.1027 7.94151(7) 500.64(1) 
686 0.1028 7.94152(7) 500.64(1) 
690 0.1029 7.94155(7) 500.64(1) 
690 0.1029 7.94158(7) 500.65(1) 
694 0.1029 7.94160(7) 500.65(1) 
697 0.1031 7.94160(7) 500.65(1) 
698 0.1031 7.94163(7) 500.66(1) 
701 0.1032 7.94169(7) 500.67(1) 
703 0.1031 7.94170(7) 500.67(1) 
704 0.1032 7.94172(7) 500.68(1) 
704 0.1033 7.94176(7) 500.68(1) 
708 0.1033 7.94179(7) 500.69(1) 
711 0.1034 7.94187(7) 500.70(1) 
711 0.1035 7.94186(7) 500.70(1) 
715 0.1034 7.94191(7) 500.71(1) 
714 0.1036 7.94192(7) 500.71(1) 
719 0.1036 7.94195(7) 500.72(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
721 0.1036 7.94195(7) 500.72(1) 
722 0.1037 7.94200(7) 500.73(1) 
725 0.1037 7.94203(7) 500.73(1) 
727 0.1037 7.94210(7) 500.75(1) 
728 0.1038 7.94211(7) 500.75(1) 
731 0.1039 7.94216(7) 500.76(1) 
732 0.1039 7.94219(7) 500.77(1) 
735 0.1040 7.94222(7) 500.77(1) 
736 0.1042 7.94225(7) 500.78(1) 
739 0.1043 7.94232(7) 500.79(1) 
740 0.1043 7.94231(7) 500.79(1) 
743 0.1045 7.94230(7) 500.79(1) 
744 0.1045 7.94238(7) 500.80(1) 
743 0.1046 7.94242(7) 500.81(1) 
748 0.1051 7.94252(7) 500.83(1) 
751 0.1051 7.94256(7) 500.84(1) 
753 0.1052 7.94260(7) 500.84(1) 
755 0.1052 7.94263(7) 500.85(1) 
756 0.1053 7.94267(7) 500.86(1) 
760 0.1054 7.94271(7) 500.86(1) 
762 0.1055 7.94273(7) 500.87(1) 
763 0.1056 7.94279(7) 500.88(1) 
764 0.1057 7.94283(7) 500.89(1) 
768 0.1059 7.94292(7) 500.90(1) 
768 0.1060 7.94292(7) 500.90(1) 
771 0.1061 7.94296(7) 500.91(1) 
772 0.1062 7.94298(7) 500.91(1) 
775 0.1063 7.94300(7) 500.92(1) 
777 0.1063 7.94306(7) 500.93(1) 
780 0.1065 7.94309(7) 500.94(1) 
781 0.1065 7.94314(7) 500.94(1) 
783 0.1067 7.94318(7) 500.95(1) 
785 0.1069 7.94320(7) 500.96(1) 
786 0.1070 7.94326(7) 500.97(1) 
789 0.1072 7.94329(7) 500.97(1) 
791 0.1072 7.94330(7) 500.97(1) 
793 0.1074 7.94344(7) 501.00(1) 
796 0.1075 7.94344(7) 501.00(1) 
798 0.1075 7.94346(7) 501.00(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
799 0.1076 7.94347(7) 501.01(1) 
799 0.1080 7.94355(7) 501.02(1) 
804 0.1086 7.94361(7) 501.03(1) 
806 0.1092 7.94360(7) 501.03(1) 
807 0.1092 7.94366(7) 501.04(1) 
808 0.1092 7.94372(7) 501.05(1) 
811 0.1093 7.94373(7) 501.06(1) 
813 0.1093 7.94375(7) 501.06(1) 
816 0.1094 7.94382(7) 501.07(1) 
817 0.1094 7.94384(7) 501.08(1) 
819 0.1089 7.94395(7) 501.10(1) 
821 0.1090 7.94401(7) 501.11(1) 
823 0.1092 7.94407(7) 501.12(1) 
825 0.1094 7.94407(7) 501.12(1) 
827 0.1096 7.94412(7) 501.13(1) 
828 0.1096 7.94420(7) 501.14(1) 
831 0.1097 7.94426(7) 501.16(1) 
833 0.1099 7.94426(7) 501.16(1) 
833 0.1100 7.94427(7) 501.16(1) 
837 0.1100 7.94429(7) 501.16(1) 
838 0.1101 7.94439(7) 501.18(1) 
840 0.1102 7.94441(7) 501.18(1) 
842 0.1105 7.94445(7) 501.19(1) 
845 0.1109 7.94454(7) 501.21(1) 
846 0.1115 7.94457(7) 501.22(1) 
848 0.1118 7.94465(7) 501.23(1) 
851 0.1119 7.94470(7) 501.24(1) 
852 0.1120 7.94472(7) 501.24(1) 
856 0.1121 7.94478(7) 501.25(1) 
857 0.1122 7.94482(7) 501.26(1) 
859 0.1123 7.94485(7) 501.27(1) 
861 0.1124 7.94488(7) 501.27(1) 
863 0.1126 7.94495(7) 501.29(1) 
865 0.1125 7.94502(7) 501.30(1) 
867 0.1127 7.94510(7) 501.32(1) 
868 0.1131 7.94513(7) 501.32(1) 
871 0.1134 7.94523(7) 501.34(1) 
874 0.1134 7.94528(7) 501.35(1) 
875 0.1137 7.94532(7) 501.36(1) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
877 0.1134 7.94539(7) 501.37(1) 
879 0.1136 7.94546(7) 501.38(1) 
881 0.1137 7.94553(7) 501.40(1) 
883 0.1140 7.94557(7) 501.41(1) 
885 0.1144 7.94560(7) 501.41(1) 
887 0.1146 7.94568(7) 501.43(1) 
890 0.1153 7.94572(7) 501.43(1) 
892 0.1151 7.94581(7) 501.45(1) 
893 0.1153 7.94588(7) 501.46(1) 
895 0.1154 7.94592(7) 501.47(1) 
896 0.1157 7.94596(7) 501.48(1) 
899 0.1158 7.94603(7) 501.49(1) 
902 0.1161 7.94600(7) 501.49(1) 
903 0.1161 7.94602(7) 501.49(1) 
905 0.1166 7.94612(8) 501.51(1) 
907 0.1172 7.94613(8) 501.51(1) 
909 0.1175 7.94618(8) 501.52(1) 
910 0.1173 7.94623(8) 501.53(1) 
912 0.1177 7.94632(8) 501.55(1) 
916 0.1185 7.94640(8) 501.56(1) 
917 0.1185 7.94643(8) 501.57(1) 
917 0.1183 7.94653(8) 501.59(1) 
919 0.1185 7.94652(8) 501.58(1) 
923 0.1189 7.94659(8) 501.60(1) 
923 0.1193 7.94661(8) 501.60(1) 
927 0.1196 7.94668(8) 501.62(1) 
929 0.1200 7.94670(8) 501.62(2) 
930 0.1203 7.94682(8) 501.64(2) 
934 0.1204 7.94686(8) 501.65(2) 
935 0.1207 7.94686(8) 501.65(2) 
936 0.1214 7.94695(8) 501.67(2) 
938 0.1218 7.94699(8) 501.67(2) 
941 0.1219 7.94711(8) 501.70(2) 
942 0.1215 7.94722(8) 501.72(2) 
947 0.1215 7.94725(8) 501.72(2) 
947 0.1218 7.94731(8) 501.74(2) 
949 0.1223 7.94739(8) 501.75(2) 
950 0.1223 7.94739(8) 501.75(2) 
954 0.1227 7.94749(8) 501.77(2) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
955 0.1229 7.94763(8) 501.80(2) 
958 0.1229 7.94768(8) 501.80(2) 
957 0.1231 7.94772(8) 501.81(2) 
961 0.1233 7.94775(8) 501.82(2) 
963 0.1237 7.94776(8) 501.82(2) 
964 0.1237 7.94792(8) 501.85(2) 
965 0.1240 7.94791(8) 501.85(2) 
969 0.1240 7.94805(8) 501.88(2) 
970 0.1238 7.94803(8) 501.87(2) 
972 0.1241 7.94821(8) 501.91(2) 
975 0.1244 7.94824(8) 501.91(2) 
976 0.1248 7.94840(8) 501.94(2) 
976 0.1252 7.94848(8) 501.96(2) 
980 0.1255 7.94863(8) 501.98(2) 
982 0.1252 7.94874(8) 502.01(2) 
982 0.1253 7.94881(8) 502.02(2) 
987 0.1257 7.94894(8) 502.04(2) 
989 0.1261 7.94905(8) 502.06(2) 
989 0.1270 7.94905(8) 502.06(2) 
992 0.1278 7.94915(8) 502.08(2) 
993 0.1284 7.94928(8) 502.11(2) 
996 0.1291 7.94932(8) 502.12(2) 
1000 0.1298 7.94932(8) 502.11(2) 
1000 0.1305 7.94943(8) 502.14(2) 
1002 0.1305 7.94954(8) 502.16(2) 
1005 0.1310 7.94952(8) 502.15(2) 
1005 0.1318 7.94974(9) 502.19(2) 
1008 0.1322 7.94982(9) 502.21(2) 
1010 0.1326 7.94988(9) 502.22(2) 
1013 0.1330 7.95001(9) 502.25(2) 
1014 0.1332 7.95009(9) 502.26(2) 
1015 0.1335 7.95010(9) 502.26(2) 
1017 0.1339 7.95025(9) 502.29(2) 
1022 0.1340 7.95039(9) 502.32(2) 
1022 0.1345 7.95035(9) 502.31(2) 
1025 0.1348 7.95057(9) 502.35(2) 
1027 0.1357 7.95063(9) 502.36(2) 
1030 0.1361 7.95071(9) 502.38(2) 
1032 0.1369 7.95086(9) 502.41(2) 
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Table A.8 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
1032 0.1368 7.95093(9) 502.42(2) 
1035 0.1367 7.95100(9) 502.43(2) 
1036 0.1378 7.95109(9) 502.45(2) 
1037 0.1383 7.95106(9) 502.45(2) 
1039 0.1374 7.95119(9) 502.47(2) 
1042 0.1382 7.95123(9) 502.48(2) 
1044 0.1384 7.95132(9) 502.50(2) 
1045 0.1385 7.95142(9) 502.51(2) 
1049 0.1383 7.95152(9) 502.53(2) 
1050 0.1385 7.95173(9) 502.57(2) 
1052 0.1384 7.95173(9) 502.57(2) 
1056 0.1385 7.95181(9) 502.59(2) 
1058 0.1385 7.95189(9) 502.60(2) 
1060 0.1388 7.95208(9) 502.64(2) 
1060 0.1390 7.95213(9) 502.65(2) 
1063 0.1394 7.95219(9) 502.66(2) 
1065 0.1392 7.95218(9) 502.66(2) 
1064 0.1391 7.95224(9) 502.67(2) 
1068 0.1393 7.95236(9) 502.69(2) 
1070 0.1397 7.95237(9) 502.69(2) 
1073 0.1400 7.95252(9) 502.72(2) 
1074 0.1397 7.95265(9) 502.75(2) 
1075 0.1404 7.95267(9) 502.75(2) 
1079 0.1407 7.95283(9) 502.78(2) 
1080 0.1409 7.95278(9) 502.77(2) 
1081 0.1409 7.95298(9) 502.81(2) 
1084 0.1410 7.95296(9) 502.81(2) 
1084 0.1413 7.95309(9) 502.83(2) 
1049 0.1428 7.95244(9) 502.92(2) 
 
Table A.9: Unit cell volumes for both the MgZrF6 and a CaF2 pressure marker as determined 
from the Rietveld analysis of the high-pressure diffraction data acquired using a DAC. 
Pressures estimated from the unit cell volume of the CaF2 are also given. 
MgZrF6 Volume (Å3) CaF2 Volume (Å3) Pressure (GPa) 
500.82(2) 163.429(7) 0.000(5) 
500.58(2) 163.395(7) 0.017(5) 
500.52(2) 163.388(7) 0.020(5) 




Table A.9 continued 
MgZrF6 Volume (Å3) CaF2 Volume (Å3) Pressure (GPa) 
500.48(2) 163.375(6) 0.027(5) 
500.44(2) 163.365(6) 0.032(5) 
500.40(2) 163.356(6) 0.036(5) 
500.33(2) 163.343(6) 0.043(5) 
500.21(2) 163.325(6) 0.052(5) 
500.15(2) 163.315(6) 0.057(5) 
500.08(2) 163.302(6) 0.063(5) 
499.97(2) 163.288(6) 0.070(5) 
499.84(2) 163.255(6) 0.087(6) 
499.70(2) 163.225(7) 0.102(6) 
499.60(2) 163.214(6) 0.107(6) 
499.40(2) 163.184(7) 0.122(7) 
499.12(2) 163.135(7) 0.147(8) 
498.92(2) 163.101(7) 0.164(8) 
498.66(2) 163.063(7) 0.183(9) 
498.31(2) 163.015(6) 0.21(1) 
497.94(2) 162.966(7) 0.23(1) 
497.57(2) 162.922(7) 0.25(1) 
497.24(2) 162.880(7) 0.27(1) 
496.96(2) 162.851(7) 0.29(1) 
496.74(2) 162.823(7) 0.30(1) 
496.39(2) 162.791(7) 0.32(1) 
496.07(2) 162.751(7) 0.34(1) 
495.80(2) 162.729(7) 0.35(1) 
 
Table A.10: Unit cell volume for MgZrF6 as a function of temperature and pressure. These 
values were derived from Rietveld analysis of data collected using an oil filled pressure cell 
incorporating a Background Reducing Internal Mask (BRIM). 
Temperature (K) Volume (Å3) Pressure (GPa) 
298.0(5) 500.920(6) 0.000(1) 
298.0(5) 499.899(6) 0.103(1) 




Table A.10 continued 
Temperature (K) Volume (Å3) Pressure (GPa) 
298.0(5) 497.630(6) 0.310(1) 
298.0(5) 498.228(7) 0.259(1) 
298.0(5) 499.358(6) 0.155(1) 
298.0(5) 497.163(6) 0.362(1) 
298.0(5) 500.431(6) 0.052(1) 
353.0(5) 499.707(6) 0.103(1) 
353.0(5) 498.657(8) 0.207(1) 
353.0(5) 497.544(7) 0.310(1) 
353.0(5) 498.120(6) 0.259(1) 
353.0(5) 499.178(7) 0.155(1) 
353.0(5) 500.205(6) 0.052(1) 
407.0(5) 499.562(9) 0.103(1) 
407.0(5) 498.541(7) 0.207(1) 
407.0(5) 497.459(9) 0.310(1) 
407.0(5) 498.015(8) 0.259(1) 
407.0(5) 499.070(7) 0.155(1) 
407.0(5) 500.065(8) 0.052(1) 
459.0(5) 499.505(8) 0.103(1) 
459.0(5) 498.478(7) 0.207(1) 
459.0(5) 497.420(8) 0.310(1) 
459.0(5) 497.971(7) 0.259(1) 
459.0(5) 498.997(6) 0.155(1) 
459.0(5) 500.004(8) 0.052(1) 
513.0(5) 499.474(7) 0.103(1) 
513.0(5) 498.456(7) 0.207(1) 
513.0(5) 497.405(9) 0.310(1) 
513.0(5) 497.950(7) 0.259(1) 
513.0(5) 498.982(7) 0.155(1) 




Table A.11: Parameters from fitting a third order Birch Murnaghan equation of state to 
volume versus pressure, obtained in two independent DAC experiments, for cubic CaNbF6. 







* The two runs were for the same sample, but with different sample to detector distances. 
Table A.12: Crystallographic parameters for CaNbF6 at 300 K derived from the Rietveld 
analysis of the neutron diffraction data. 
Chemical Formula CaNbF6 
Space group Fm3̅m 
a (Å) 8.39447(3) 
 (central  = 1.33Å) ∼0.006 cm-1 





Table A.13: Crystallographic parameters for MgNbF6 at 300 K derived from the Rietveld 
analysis of the x-ray diffraction data acquired while using a Cryostream. 
Chemical Formula MgNbF6 
Space group Fm3̅m 
a (Å) 7.84886(9) 
λ (Å) 0.72768 
 (cm-1) 19. 







 x y z Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 0.0083(2) - - 
F 0.26686(8) 0 0 0.0363 0.0103(3) 0.0494(3) 
 x y z Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 0.0213(6) - - 
F 0.2481(4) 0 0 0.0337 0.017(2) 0.042(2) 
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APPENDIX B. SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
B.1 Figures 
 
Figure B.1: Rietveld plot showing a fit for a cubic ReO3-type model (Fm?̅?m) to the 300 K high 
resolution synchrotron diffraction data collected with a nitrogen gas blower. The high Q data 
have been scaled to show detail, but shifted downwards so that the backgrounds for the 
sections of the plot are similar. The phase flags denote CaTiF6 (magenta), CaF2 (black), and 
Cu metal (cyan). The Cu metal is presumably from a chip introduced into the sample when 
the copper reaction vessel was cut open. 
 
 
Figure B.2: Rietveld plot showing the fit for an R?̅? model to low temperature (16 K) high 
resolution synchrotron data collected with a helium cryostat. The high Q data have been 
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scaled to show detail, but shifted downwards so that the backgrounds for the sections of the 
plot are similar. The phase flags denote CaTiF6 (magenta), CaF2 (black), and Cu metal (cyan). 
 
 
Figure B.3: Rietveld plot showing a fit for a cubic ReO3-type model (Fm?̅?m) to the nominally 
0 GPa powder x-ray diffraction data obtained in a diamond anvil cell. The high Q data have 
been scaled to show detail, but shifted downwards so that the backgrounds for the sections of 





Figure B.4: Rietveld plot showing a fit for an R?̅? model to the 1 GPa powder x-ray diffraction 




Figure B.5: Pressure dependence of ln(V) and the bulk modulus for CaTiF6. A six-term 





Figure B.6: Fluorine-Fluorine distances within the a) CaF6 and b) TiF6 octahedra. d1 is the 
distance between pairs of fluorines lying on a triangular face that is perpendicular to the 
crystallographic three fold axis and d2 is the distance between pairs of fluorines lying on 




Table B.1: Lattice constants and unit cell volumes, as a function of temperature, for cubic 
and rhombohedral CaTiF6 as determined from the Rietveld analyses of the high resolution 
low temperature x-ray diffraction data acquired while using a helium cryostat. 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
298.00 0.1495 8.15728(1) - 542.795(2) 
276.30 0.149 8.15925(1) - 543.189(2) 
250.90 0.1516 8.16172(1) - 543.683(2) 
226.00 0.1553 8.16414(1) - 544.166(2) 
201.40 0.1622 8.16670(1) - 544.679(2) 
177.14 0.1727 8.16945(1) - 545.229(3) 
152.10 0.1932 8.17184(2) - 545.707(3) 
141.64 0.2128 8.17280(2) - 545.900(3) 
131.78 0.2388 8.17327(2) - 545.994(4) 
121.97 0.3068 8.17168(3) - 545.674(7) 
112.22 0.1574 5.72917(5) 14.1821(2) 403.141(6) 
102.36 0.1566 5.71205(5) 14.1898(2) 400.950(6) 
92.71 0.16 5.70112(5) 14.1970(2) 399.621(6) 
83.19 0.164 5.69269(6) 14.2032(2) 398.614(6) 
73.82 0.1666 5.68565(6) 14.2088(2) 397.785(6) 
64.54 0.1693 5.67958(6) 14.2135(2) 397.067(6) 




Table B.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
47.04 0.1692 5.66944(6) 14.2211(3) 395.863(6) 
39.06 0.1693 5.66503(6) 14.2237(3) 395.319(6) 
30.00 0.1698 5.66161(6) 14.2261(3) 394.909(6) 
16.92 0.1696 5.65885(6) 14.2279(3) 394.575(7) 
 
Table B.2: Lattice constant and unit cell volumes, as a function of temperature, for cubic 
CaTiF6 as determined from the Rietveld analyses of the high resolution low temperature x-
ray diffraction data acquired while using a nitrogen blower. Given in order of collection. 
Temperature (K) Rwp a (Å) Volume (Å3) 
298 0.1379 8.15738(1) 542.815(2) 
350 0.1311 8.15275(1) 541.891(2) 
400 0.1287 8.14887(1) 541.118(2) 
450 0.126 8.14592(1) 540.530(2) 
450 0.1275 8.14580(1) 540.506(2) 
450 0.1275 8.14580(1) 540.506(2) 
500 0.1269 8.14341(1) 540.030(2) 
475 0.1275 8.14461(1) 540.269(2) 
425 0.1281 8.14726(1) 540.797(2) 
375 0.1296 8.15032(1) 541.407(2) 
325 0.1315 8.15413(1) 542.167(2) 
 
Table B.3: Atomic displacement parameters for cubic CaTiF6 as determined from the 
Rietveld analyses of the high resolution x-ray diffraction data acquired using both a nitrogen 
gas blower and a helium cryostat. 
Temperature (K) Ca Uiso (Å2) Ti Uiso (Å2) F U11 (Å2) F U22/33 (Å2) 
500 0.0162(2) 0.0167(2) 0.0153(5) 0.0725(4) 
475 0.0157(2) 0.0160(2) 0.0148(4) 0.0702(4) 
450 0.0149(2) 0.0153(2) 0.0142(4) 0.0674(4) 
450 0.0149(2) 0.0151(2) 0.0140(4) 0.0677(4) 
450 0.0150(2) 0.0152(2) 0.0142(4) 0.0676(4) 
425 0.0142(2) 0.0145(2) 0.0134(4) 0.0654(4) 




Table B.3 continued 
Temperature (K) Ca Uiso (Å2) Ti Uiso (Å2) F U11 (Å2) F U22/33 (Å2) 
375 0.0126(2) 0.0134(2) 0.0122(4) 0.0605(4) 
350 0.0125(2) 0.0131(2) 0.0126(4) 0.0576(4) 
325 0.0109(2) 0.0118(2) 0.0103(4) 0.0551(4) 
298 0.0108(2) 0.0117(2) 0.0116(4) 0.0514(4) 
298 0.0103(2) 0.0095(2) 0.0126(5) 0.0501(4) 
276.3 0.0097(2) 0.0091(2) 0.0126(5) 0.0479(4) 
250.9 0.0085(2) 0.0084(2) 0.0114(5) 0.0449(4) 
226 0.0078(2) 0.0075(2) 0.0106(5) 0.0420(4) 
201.4 0.0069(2) 0.0066(2) 0.0096(5) 0.0392(4) 
177.14 0.0060(2) 0.0059(2) 0.0090(5) 0.0365(4) 
152.1 0.0050(2) 0.0050(2) 0.0077(6) 0.0341(4) 
141.64 0.0048(3) 0.0046(2) 0.0073(6) 0.0335(4) 
131.78 0.0045(3) 0.0044(3) 0.0069(7) 0.0332(5) 
121.97 0.0038(3) 0.0030(4) 0.0050(9) 0.0343(7) 
 
Table B.4: Unit cell volumes for cubic CaTiF6 and CaF2 as determined from the Rietveld 
analysis of the high-pressure diffraction data. Pressures estimated from the unit cell volume 









8.15108(8) 541.56(2) 163.070(5) 0.000(4) 
8.15096(8) 541.54(2) 163.062(4) 0.004(3) 
8.15089(8) 541.52(2) 163.067(4) 0.001(3) 
8.15064(8) 541.47(2) 163.062(4) 0.004(3) 
8.15026(8) 541.40(2) 163.042(4) 0.014(3) 
8.14929(8) 541.20(2) 163.017(4) 0.026(3) 
8.14825(8) 540.99(2) 163.004(4) 0.033(3) 
8.14711(8) 540.77(2) 162.993(4) 0.038(4) 
8.14572(8) 540.49(2) 162.951(4) 0.059(4) 
8.14376(8) 540.10(2) 162.906(4) 0.081(5) 
8.14250(9) 539.85(2) 162.908(5) 0.081(5) 
8.14159(9) 539.67(2) 162.888(5) 0.091(5) 
8.14048(8) 539.45(2) 162.866(5) 0.102(5) 













8.13826(9) 539.01(2) 162.833(5) 0.118(6) 
8.13677(9) 538.71(2) 162.800(5) 0.135(7) 
8.13520(9) 538.40(2) 162.766(5) 0.152(7) 
8.1337(1) 538.11(2) 162.758(5) 0.156(7) 
8.1316(1) 537.68(2) 162.716(5) 0.177(8) 
8.1291(1) 537.18(2) 162.695(6) 0.188(9) 
8.1265(1) 536.67(2) 162.678(6) 0.196(9) 
8.1239(1) 536.16(2) 162.647(6) 0.211(9) 
8.1210(1) 535.58(3) 162.607(8) 0.232(10) 
8.1177(1) 534.93(3) 162.579(8) 0.246(10) 
8.1171(1) 534.82(2) 162.575(3) 0.248(10) 
 
Table B.5: Unit cell volumes for rhombohedral CaTiF6 and CaF2 as determined from the 
Rietveld analyses of the high-pressure diffraction data. Pressures estimated from the unit cell 











5.6321(7) 14.128(4) 388.11(5) 162.575(3) 0.25(1) 
5.6040(6) 14.171(3) 385.41(6) 162.444(9) 0.32(2) 
5.5812(5) 14.185(2) 382.67(3) 162.420(5) 0.33(1) 
5.5576(5) 14.204(3) 379.94(3) 162.367(5) 0.35(1) 
5.5400(5) 14.224(3) 378.07(3) 162.340(5) 0.37(2) 
5.5222(7) 14.239(4) 376.03(3) 162.311(6) 0.38(2) 
5.5002(6) 14.251(3) 373.35(3) 162.243(5) 0.42(2) 
5.4897(5) 14.259(3) 372.15(3) 162.199(5) 0.44(2) 
5.4852(5) 14.264(3) 371.67(3) 162.190(5) 0.44(2) 
5.4819(6) 14.267(3) 371.28(3) 162.181(5) 0.45(2) 
5.4762(5) 14.273(3) 370.67(3) 162.184(5) 0.45(2) 
5.4721(5) 14.276(3) 370.21(3) 162.180(5) 0.45(2) 
5.4682(5) 14.280(3) 369.79(3) 162.173(5) 0.45(2) 
5.4654(5) 14.279(3) 369.38(3) 162.157(5) 0.46(2) 
5.4619(5) 14.285(3) 369.07(3) 162.148(5) 0.47(2) 















5.4575(5) 14.289(3) 368.56(3) 162.135(5) 0.47(2) 
5.4549(5) 14.291(3) 368.27(3) 162.122(5) 0.48(2) 
5.4529(5) 14.293(3) 368.05(3) 162.109(5) 0.49(2) 
5.4502(5) 14.294(3) 367.70(3) 162.104(5) 0.49(2) 
5.4469(5) 14.296(3) 367.32(3) 162.094(5) 0.49(2) 
5.4430(5) 14.299(3) 366.85(3) 162.065(5) 0.51(2) 
5.4387(5) 14.302(3) 366.36(3) 162.055(5) 0.51(2) 
5.4350(5) 14.305(3) 365.95(3) 162.051(5) 0.52(2) 
5.4311(5) 14.306(3) 365.45(3) 162.036(5) 0.52(2) 
5.4270(5) 14.304(3) 364.84(3) 162.025(5) 0.53(2) 
5.4227(5) 14.309(3) 364.40(3) 162.020(5) 0.53(2) 
5.4194(6) 14.310(3) 363.99(3) 162.009(5) 0.54(2) 
5.4129(5) 14.321(3) 363.39(3) 161.981(5) 0.55(2) 
5.4073(5) 14.327(3) 362.77(3) 161.966(5) 0.56(2) 
5.4001(6) 14.324(3) 361.75(3) 161.922(5) 0.58(2) 
5.3917(6) 14.333(3) 360.86(3) 161.890(5) 0.60(2) 
5.3848(5) 14.341(3) 360.14(3) 161.867(5) 0.61(2) 
5.3807(5) 14.345(3) 359.68(3) 161.837(5) 0.63(3) 
5.3747(5) 14.350(3) 359.00(3) 161.815(5) 0.64(3) 
5.3704(5) 14.351(3) 358.44(3) 161.807(5) 0.64(3) 
5.3668(5) 14.356(3) 358.08(3) 161.798(5) 0.65(3) 
5.3628(5) 14.360(3) 357.65(3) 161.789(5) 0.65(3) 
5.3581(5) 14.363(3) 357.12(3) 161.758(5) 0.67(3) 
5.3545(5) 14.367(3) 356.72(3) 161.746(5) 0.67(3) 
5.3514(5) 14.370(3) 356.39(3) 161.734(5) 0.68(3) 
5.3475(6) 14.373(3) 355.93(3) 161.702(5) 0.70(3) 
5.3412(6) 14.377(3) 355.20(3) 161.679(5) 0.71(3) 
5.3323(5) 14.383(3) 354.17(3) 161.632(5) 0.73(3) 
5.3245(5) 14.390(3) 353.30(3) 161.587(4) 0.76(3) 
5.3176(5) 14.394(3) 352.47(3) 161.544(5) 0.78(3) 
5.3123(5) 14.397(3) 351.85(3) 161.487(5) 0.81(3) 
5.3070(5) 14.401(3) 351.24(3) 161.460(4) 0.82(3) 
5.3015(5) 14.405(3) 350.61(3) 161.439(5) 0.84(3) 
5.2967(6) 14.407(3) 350.04(3) 161.423(6) 0.84(3) 
5.2930(6) 14.408(3) 349.57(3) 161.408(6) 0.85(3) 
5.2841(5) 14.413(3) 348.53(3) 161.345(4) 0.89(4) 
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5.2743(5) 14.418(3) 347.36(3) 161.259(4) 0.93(4) 
5.2669(5) 14.424(3) 346.53(3) 161.206(4) 0.96(4) 
5.2627(5) 14.426(3) 346.01(3) 161.176(4) 0.98(4) 
5.2573(5) 14.430(3) 345.41(3) 161.143(5) 0.99(4) 
5.2519(5) 14.436(3) 344.82(3) 161.090(5) 1.02(4) 
5.2473(5) 14.439(3) 344.29(3) 161.066(5) 1.03(4) 
5.2418(4) 14.442(3) 343.65(3) 161.024(4) 1.06(4) 
5.2375(4) 14.444(3) 343.15(3) 160.989(4) 1.08(4) 
5.2348(4) 14.445(3) 342.80(3) 160.963(4) 1.09(4) 
5.2313(4) 14.446(3) 342.37(3) 160.928(4) 1.11(4) 
5.2273(4) 14.448(3) 341.89(3) 160.896(4) 1.13(4) 
5.2228(4) 14.452(3) 341.39(3) 160.869(4) 1.14(5) 
5.2178(4) 14.452(3) 340.76(3) 160.824(4) 1.17(5) 
5.2149(4) 14.455(3) 340.44(3) 160.796(4) 1.18(5) 
5.2127(5) 14.456(3) 340.17(3) 160.776(4) 1.19(5) 
5.2050(5) 14.458(3) 339.22(3) 160.688(4) 1.24(5) 
5.1964(5) 14.462(3) 338.20(3) 160.599(4) 1.29(5) 
5.1906(5) 14.465(3) 337.51(3) 160.536(4) 1.32(5) 
5.1820(5) 14.469(3) 336.50(3) 160.430(4) 1.38(5) 
5.1745(5) 14.471(3) 335.56(3) 160.318(4) 1.44(6) 
5.1699(4) 14.471(3) 334.96(3) 160.268(4) 1.47(6) 
5.1657(4) 14.472(3) 334.44(3) 160.224(4) 1.49(6) 
5.1629(4) 14.472(3) 334.08(3) 160.192(4) 1.51(6) 
5.1600(4) 14.475(3) 333.78(3) 160.163(4) 1.53(6) 
5.1566(4) 14.477(3) 333.37(3) 160.121(4) 1.55(6) 
5.1522(4) 14.479(3) 332.86(3) 160.070(4) 1.58(6) 
5.1487(4) 14.482(3) 332.46(3) 160.031(4) 1.60(6) 
5.1462(4) 14.483(3) 332.17(3) 160.007(4) 1.61(6) 
5.1446(4) 14.483(3) 331.97(3) 159.985(4) 1.63(6) 
5.1426(4) 14.483(3) 331.71(3) 159.965(4) 1.64(6) 
5.1378(4) 14.486(3) 331.14(3) 159.909(4) 1.67(7) 
5.1338(4) 14.487(3) 330.65(3) 159.842(4) 1.71(7) 
5.1309(4) 14.488(3) 330.31(3) 159.798(4) 1.73(7) 
5.1287(5) 14.488(3) 330.03(3) 159.767(4) 1.75(7) 
5.1232(5) 14.491(3) 329.40(3) 159.699(4) 1.79(7) 
5.1203(5) 14.490(3) 329.00(3) 159.651(4) 1.81(7) 
5.1181(5) 14.492(3) 328.74(3) 159.621(4) 1.83(7) 
5.1166(5) 14.491(3) 328.54(3) 159.594(4) 1.85(7) 
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5.1140(5) 14.493(3) 328.25(3) 159.561(4) 1.87(7) 
5.1064(5) 14.495(3) 327.33(3) 159.440(4) 1.93(8) 
5.1011(5) 14.496(3) 326.68(3) 159.343(4) 1.99(8) 
5.0983(5) 14.497(3) 326.33(3) 159.294(4) 2.02(8) 
5.0965(5) 14.498(3) 326.11(3) 159.260(4) 2.04(8) 
5.0947(5) 14.497(3) 325.87(3) 159.228(4) 2.06(8) 
5.0924(5) 14.498(3) 325.61(3) 159.196(5) 2.08(8) 
5.0889(5) 14.498(3) 325.15(3) 159.139(5) 2.11(8) 
5.0852(5) 14.500(3) 324.73(3) 159.082(5) 2.14(8) 
5.0834(5) 14.500(3) 324.50(3) 159.050(5) 2.16(8) 
5.0812(5) 14.503(3) 324.28(3) 159.022(5) 2.18(8) 
5.0797(5) 14.502(3) 324.06(3) 158.995(5) 2.19(9) 
5.0776(5) 14.501(3) 323.78(3) 158.963(5) 2.21(9) 
5.0732(5) 14.502(3) 323.25(3) 158.889(5) 2.25(9) 
5.0700(5) 14.502(3) 322.84(3) 158.821(5) 2.29(9) 
5.0680(5) 14.501(3) 322.55(3) 158.780(5) 2.32(9) 
5.0658(5) 14.502(3) 322.30(3) 158.744(5) 2.34(9) 
5.0638(5) 14.503(3) 322.06(4) 158.707(5) 2.36(9) 
5.0606(5) 14.503(3) 321.65(4) 158.646(5) 2.40(9) 
5.0586(5) 14.503(3) 321.39(4) 158.600(5) 2.42(9) 
5.0547(5) 14.505(3) 320.94(4) 158.531(5) 2.46(10) 
5.0487(5) 14.505(3) 320.18(4) 158.399(5) 2.54(10) 
5.0422(5) 14.501(3) 319.28(4) 158.248(5) 2.63(10) 
5.0385(5) 14.502(3) 318.83(4) 158.162(5) 2.68(10) 
5.0362(5) 14.498(3) 318.46(4) 158.100(5) 2.72(10) 
5.0340(5) 14.498(3) 318.19(4) 158.051(5) 2.75(11) 
5.0320(5) 14.499(3) 317.95(4) 158.008(5) 2.78(11) 
5.0294(5) 14.501(3) 317.66(4) 157.952(5) 2.81(11) 
5.0266(5) 14.499(3) 317.27(4) 157.878(5) 2.86(11) 
5.0248(5) 14.498(3) 317.01(4) 157.823(5) 2.89(11) 
5.0232(5) 14.496(3) 316.77(4) 157.777(5) 2.92(11) 
5.0218(5) 14.497(3) 316.61(4) 157.740(5) 2.94(11) 
5.0182(5) 14.497(4) 316.16(4) 157.653(5) 2.99(11) 
5.0158(6) 14.490(4) 315.71(4) 157.554(5) 3.05(12) 
5.0128(7) 14.487(5) 315.25(5) 157.447(6) 3.12(12) 
5.0091(8) 14.490(6) 314.85(6) 157.340(6) 3.19(12) 
5.006(1) 14.500(7) 314.63(7) 157.270(7) 3.23(12) 









Bond Angle (°) 
Ca-F 
Bond Length (Å) 
Ti-F 
Bond Length (Å) 
0.25(1) 158.9(4) 2.219(12) 1.864(13) 
0.32(2) 157.3(3) 2.204(10) 1.881(10) 
0.33(1) 156.4(3) 2.227(8) 1.855(8) 
0.35(1) 155.7(3) 2.233(7) 1.846(8) 
0.37(2) 154.9(3) 2.236(7) 1.841(8) 
0.38(2) 154.3(4) 2.234(10) 1.842(11) 
0.42(2) 153.1(3) 2.226(8) 1.851(9) 
0.44(2) 152.4(3) 2.221(9) 1.857(9) 
0.44(2) 152.3(3) 2.223(8) 1.854(9) 
0.45(2) 152.2(3) 2.224(9) 1.854(9) 
0.45(2) 151.8(3) 2.224(8) 1.854(9) 
0.45(2) 151.7(3) 2.223(8) 1.855(9) 
0.45(2) 151.2(3) 2.225(8) 1.853(9) 
0.46(2) 151.4(3) 2.231(8) 1.846(8) 
0.47(2) 151.3(3) 2.223(8) 1.854(9) 
0.47(2) 151.1(3) 2.223(8) 1.855(9) 
0.47(2) 151.0(3) 2.226(8) 1.852(9) 
0.48(2) 151.0(3) 2.225(8) 1.852(9) 
0.49(2) 150.9(3) 2.226(8) 1.852(9) 
0.49(2) 150.8(3) 2.222(8) 1.855(9) 
0.49(2) 150.6(3) 2.219(9) 1.859(10) 
0.51(2) 150.6(3) 2.226(8) 1.850(9) 
0.51(2) 150.3(3) 2.222(8) 1.856(9) 
0.52(2) 150.2(3) 2.227(8) 1.850(9) 
0.52(2) 150.0(3) 2.221(8) 1.855(9) 
0.53(2) 149.8(3) 2.217(9) 1.86(10) 
0.53(2) 149.6(3) 2.212(9) 1.865(10) 
0.54(2) 149.7(3) 2.214(10) 1.861(11) 
0.55(2) 149.5(3) 2.217(9) 1.857(10) 
0.56(2) 149.3(3) 2.215(9) 1.86(10) 
0.58(2) 148.9(3) 2.208(11) 1.867(12) 
0.60(2) 148.6(3) 2.207(11) 1.868(12) 
0.61(2) 148.4(3) 2.205(11) 1.869(12) 








Bond Angle (°) 
Ca-F 
Bond Length (Å) 
Ti-F 
Bond Length (Å) 
0.64(3) 148.0(3) 2.203(11) 1.871(11) 
0.64(3) 147.7(3) 2.208(10) 1.868(11) 
0.65(3) 147.6(3) 2.208(10) 1.868(11) 
0.65(3) 147.4(3) 2.206(11) 1.870(12) 
0.67(3) 147.3(3) 2.207(11) 1.868(12) 
0.67(3) 147.1(3) 2.203(12) 1.872(12) 
0.68(3) 147.0(3) 2.206(11) 1.870(12) 
0.70(3) 146.8(3) 2.211(11) 1.865(12) 
0.71(3) 146.4(3) 2.214(11) 1.864(12) 
0.73(3) 146.2(3) 2.213(10) 1.863(11) 
0.76(3) 146.1(3) 2.210(10) 1.865(11) 
0.78(3) 145.8(3) 2.206(11) 1.869(11) 
0.81(3) 145.7(3) 2.206(11) 1.868(12) 
0.82(3) 145.5(3) 2.206(11) 1.869(11) 
0.84(3) 145.5(3) 2.210(11) 1.862(11) 
0.84(3) 145.2(4) 2.208(14) 1.865(14) 
0.85(3) 145.3(4) 2.210(13) 1.861(13) 
0.89(4) 144.9(3) 2.214(10) 1.857(10) 
0.93(4) 144.6(3) 2.211(10) 1.860(10) 
0.96(4) 144.3(3) 2.205(12) 1.866(12) 
0.98(4) 144.1(3) 2.201(12) 1.871(12) 
0.99(4) 143.8(3) 2.195(13) 1.878(14) 
1.02(4) 143.9(3) 2.196(12) 1.875(12) 
1.03(4) 143.7(3) 2.194(12) 1.876(12) 
1.06(4) 143.7(3) 2.190(11) 1.878(11) 
1.08(4) 143.8(3) 2.190(11) 1.875(12) 
1.09(4) 143.6(3) 2.192(11) 1.874(12) 
1.11(4) 143.5(3) 2.186(11) 1.879(12) 
1.13(4) 143.5(3) 2.181(11) 1.883(12) 
1.14(5) 143.4(3) 2.183(11) 1.881(12) 
1.17(5) 143.2(3) 2.184(11) 1.880(12) 
1.18(5) 143.1(3) 2.187(12) 1.877(13) 
1.19(5) 143.2(3) 2.184(12) 1.877(13) 
1.24(5) 143.1(3) 2.183(12) 1.876(12) 
1.29(5) 142.8(3) 2.186(13) 1.873(14) 
1.32(5) 142.6(3) 2.181(12) 1.878(12) 
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Bond Angle (°) 
Ca-F 
Bond Length (Å) 
Ti-F 
Bond Length (Å) 
1.38(5) 142.6(3) 2.184(12) 1.871(13) 
1.44(6) 142.4(3) 2.183(13) 1.872(13) 
1.47(6) 142.1(3) 2.180(11) 1.876(12) 
1.49(6) 142.0(3) 2.177(12) 1.878(13) 
1.51(6) 141.8(3) 2.179(12) 1.877(13) 
1.53(6) 141.9(2) 2.184(12) 1.870(13) 
1.55(6) 141.7(2) 2.185(12) 1.870(13) 
1.58(6) 141.7(2) 2.184(12) 1.870(12) 
1.60(6) 141.6(2) 2.185(12) 1.868(13) 
1.61(6) 141.6(2) 2.182(12) 1.870(13) 
1.63(6) 141.5(2) 2.180(12) 1.872(12) 
1.64(6) 141.5(2) 2.178(11) 1.874(12) 
1.67(7) 141.2(2) 2.192(12) 1.861(13) 
1.71(7) 141.3(2) 2.185(12) 1.866(13) 
1.73(7) 141.3(2) 2.183(12) 1.866(13) 
1.75(7) 141.2(3) 2.184(13) 1.865(14) 
1.79(7) 141.0(3) 2.182(13) 1.869(14) 
1.81(7) 140.9(3) 2.175(12) 1.874(13) 
1.83(7) 140.9(3) 2.175(12) 1.873(13) 
1.85(7) 140.7(3) 2.172(12) 1.878(13) 
1.87(7) 140.7(3) 2.176(13) 1.874(14) 
1.93(8) 140.4(2) 2.186(14) 1.864(15) 
1.99(8) 140.3(2) 2.184(13) 1.865(14) 
2.02(8) 140.3(2) 2.193(14) 1.855(14) 
2.04(8) 140.1(2) 2.194(14) 1.854(15) 
2.06(8) 140.3(2) 2.193(14) 1.853(15) 
2.08(8) 140.1(2) 2.196(14) 1.851(14) 
2.11(8) 139.9(2) 2.197(14) 1.850(15) 
2.14(8) 139.9(2) 2.193(14) 1.853(15) 
2.16(8) 139.7(2) 2.197(14) 1.851(15) 
2.18(8) 139.6(2) 2.196(14) 1.853(15) 
2.19(9) 139.6(2) 2.192(15) 1.856(16) 
2.21(9) 139.5(2) 2.192(15) 1.856(16) 
2.25(9) 139.4(2) 2.192(15) 1.856(16) 
2.29(9) 139.3(2) 2.192(15) 1.855(16) 
2.32(9) 139.4(3) 2.194(15) 1.850(16) 
2.34(9) 139.3(3) 2.190(15) 1.855(16) 
2.36(9) 139.3(3) 2.184(16) 1.860(17) 
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Bond Angle (°) 
Ca-F 
Bond Length (Å) 
Ti-F 
Bond Length (Å) 
2.40(9) 139.2(3) 2.181(15) 1.864(17) 
2.42(9) 139.1(3) 2.181(15) 1.863(16) 
2.46(10) 138.8(3) 2.182(16) 1.864(17) 
2.54(10) 138.8(2) 2.189(16) 1.855(17) 
2.63(10) 138.7(3) 2.182(16) 1.860(17) 
2.68(10) 138.5(3) 2.183(16) 1.861(17) 
2.72(10) 138.5(2) 2.180(16) 1.861(17) 
2.75(11) 138.5(3) 2.177(16) 1.863(17) 
2.78(11) 138.5(3) 2.176(16) 1.863(17) 
2.81(11) 138.4(3) 2.174(16) 1.866(18) 
2.86(11) 138.6(3) 2.170(17) 1.866(18) 
2.89(11) 138.6(3) 2.169(17) 1.865(18) 
2.92(11) 138.6(3) 2.159(17) 1.875(18) 
2.94(11) 138.5(3) 2.166(19) 1.868(20) 
2.99(11) 138.7(3) 2.161(20) 1.869(21) 
3.05(12) 138.9(3) 2.163(22) 1.863(23) 
3.12(12) 139.2(3) 2.144(27) 1.877(29) 
3.19(12) 139.7(4) 2.153(19) 1.859(19) 
3.23(12) 140.1(4) 2.142(23) 1.864(23) 
3.28(12) 140.7(5) 2.137(23) 1.861(23) 
 
Table B.7: Pressure dependence of the F-F bond distances and strain in Ca and Ti octahedra 





F-F d1 (Å) 
Ca 
Octahedra 
F-F d2 (Å) 
Ti 
Octahedra 
F-F d1 (Å) 
Ti 
Octahedra 







0.25(1) 3.092(19) 3.184(23) 2.685(20) 2.588(23) 0.0147 -0.0184 
0.32(2) 3.095(15) 3.140(17) 2.679(16) 2.642(17) 0.0072 -0.0070 
0.33(1) 3.129(12) 3.170(15) 2.634(13) 2.612(15) 0.0065 -0.0042 
0.35(1) 3.140(11) 3.175(14) 2.612(15) 2.608(15) 0.0055 -0.0008 
0.37(2) 3.146(11) 3.179(15) 2.600(12) 2.608(15) 0.0052 0.0015 
0.38(2) 3.136(16) 3.183(20) 2.604(17) 2.605(21) 0.0074 0.0002 
0.42(2) 3.122(13) 3.174(16) 2.616(14) 2.618(17) 0.0083 0.0004 
0.44(2) 3.114(13) 3.168(16) 2.626(14) 2.626(17) 0.0086 0.0000 
0.44(2) 3.116(13) 3.172(16) 2.622(13) 2.623(16) 0.0089 0.0002 
0.45(2) 3.115(13) 3.174(16) 2.622(14) 2.621(17) 0.0094 -0.0002 









F-F d1 (Å) 
Ca 
Octahedra 
F-F d2 (Å) 
Ti 
Octahedra 
F-F d1 (Å) 
Ti 
Octahedra 







0.45(2) 3.112(13) 3.177(15) 2.625(13) 2.621(16) 0.0103 -0.0008 
0.45(2) 3.111(13) 3.183(16) 2.625(14) 2.616(16) 0.0114 -0.0017 
0.46(2) 3.121(12) 3.191(15) 2.614(13) 2.608(15) 0.0111 -0.0011 
0.47(2) 3.113(12) 3.176(15) 2.621(13) 2.624(15) 0.0100 0.0006 
0.47(2) 3.110(13) 3.176(15) 2.624(13) 2.624(15) 0.0105 0.0000 
0.47(2) 3.112(12) 3.184(15) 2.622(13) 2.616(15) 0.0114 -0.0011 
0.48(2) 3.112(12) 3.182(15) 2.621(13) 2.618(15) 0.0111 -0.0006 
0.49(2) 3.107(13) 3.188(15) 2.624(14) 2.613(16) 0.0129 -0.0021 
0.49(2) 3.107(13) 3.178(16) 2.624(14) 2.623(16) 0.0113 -0.0002 
0.49(2) 3.103(14) 3.173(17) 2.629(15) 2.629(17) 0.0112 0.0000 
0.51(2) 3.108(12) 3.188(15) 2.620(13) 2.614(15) 0.0127 -0.0011 
0.51(2) 3.103(13) 3.182(15) 2.627(13) 2.621(15) 0.0126 -0.0011 
0.52(2) 3.106(13) 3.191(18) 2.622(14) 2.612(16) 0.0135 -0.0019 
0.52(2) 3.104(13) 3.178(15) 2.623(14) 2.625(16) 0.0118 0.0004 
0.53(2) 3.097(14) 3.174(16) 2.631(14) 2.629(16) 0.0123 -0.0004 
0.53(2) 3.088(14) 3.168(16) 2.639(15) 2.636(17) 0.0128 -0.0006 
0.54(2) 3.089(15) 3.174(17) 2.633(16) 2.629(18) 0.0136 -0.0008 
0.55(2) 3.095(14) 3.176(16) 2.624(14) 2.629(16) 0.0129 0.0010 
0.56(2) 3.087(14) 3.177(16) 2.632(15) 2.629(17) 0.0144 -0.0006 
0.58(2) 3.079(17) 3.165(19) 2.640(18) 2.641(19) 0.0138 0.0002 
0.60(2) 3.078(17) 3.164(18) 2.640(18) 2.643(19) 0.0138 0.0006 
0.61(2) 3.073(17) 3.162(18) 2.641(18) 2.646(19) 0.0143 0.0009 
0.63(3) 3.076(16) 3.163(18) 2.637(17) 2.647(18) 0.0139 0.0019 
0.64(3) 3.073(16) 3.158(18) 2.640(17) 2.652(18) 0.0136 0.0023 
0.64(3) 3.075(16) 3.169(17) 2.640(17) 2.642(18) 0.0151 0.0004 
0.65(3) 3.074(16) 3.169(17) 2.641(17) 2.643(17) 0.0152 0.0004 
0.65(3) 3.073(17) 3.167(18) 2.641(18) 2.647(18) 0.0151 0.0011 
0.67(3) 3.071(17) 3.171(18) 2.641(18) 2.643(19) 0.0160 0.0004 
0.67(3) 3.073(18) 3.158(19) 2.639(18) 2.657(19) 0.0136 0.0034 
0.68(3) 3.075(17) 3.164(18) 2.638(18) 2.652(19) 0.0143 0.0026 
0.70(3) 3.085(17) 3.169(19) 2.628(18) 2.648(19) 0.0134 0.0038 
0.71(3) 3.088(17) 3.175(18) 2.628(18) 2.644(19) 0.0139 0.0030 
0.73(3) 3.089(16) 3.171(17) 2.621(16) 2.648(18) 0.0131 0.0051 
0.76(3) 3.081(16) 3.170(17) 2.625(16) 2.649(17) 0.0142 0.0046 
0.78(3) 3.074(17) 3.165(17) 2.631(17) 2.654(18) 0.0146 0.0044 
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F-F d1 (Å) 
Ca 
Octahedra 
F-F d2 (Å) 
Ti 
Octahedra 
F-F d1 (Å) 
Ti 
Octahedra 







0.81(3) 3.071(17) 3.169(18) 2.631(17) 2.651(18) 0.0157 0.0038 
0.82(3) 3.070(17) 3.168(17) 2.632(17) 2.653(18) 0.0157 0.0040 
0.84(3) 3.069(17) 3.181(17) 2.628(17) 2.639(17) 0.0179 0.0021 
0.84(3) 3.073(22) 3.172(22) 2.624(22) 2.649(23) 0.0159 0.0047 
0.85(3) 3.077(20) 3.173(21) 2.616(20) 2.647(21) 0.0154 0.0059 
0.89(4) 3.077(15) 3.185(16) 2.615(15) 2.636(16) 0.0172 0.0040 
0.93(4) 3.076(15) 3.176(16) 2.615(15) 2.646(16) 0.0160 0.0059 
0.96(4) 3.066(18) 3.168(18) 2.623(18) 2.655(18) 0.0164 0.0061 
0.98(4) 3.063(19) 3.162(19) 2.629(19) 2.663(19) 0.0159 0.0064 
0.99(4) 3.053(20) 3.154(20) 2.639(21) 2.671(20) 0.0163 0.0060 
1.02(4) 3.052(19) 3.157(18) 2.634(19) 2.668(19) 0.0169 0.0064 
1.03(4) 3.046(18) 3.156(18) 2.635(18) 2.669(18) 0.0177 0.0064 
1.06(4) 3.045(17) 3.149(17) 2.635(17) 2.676(17) 0.0168 0.0077 
1.08(4) 3.040(17) 3.153(17) 2.634(18) 2.670(18) 0.0182 0.0068 
1.09(4) 3.043(17) 3.155(17) 2.631(18) 2.669(17) 0.0181 0.0072 
1.11(4) 3.037(17) 3.146(17) 2.637(18) 2.678(17) 0.0176 0.0077 
1.13(4) 3.027(17) 3.142(17) 2.644(18) 2.682(17) 0.0186 0.0071 
1.14(5) 3.027(17) 3.146(17) 2.643(18) 2.678(17) 0.0193 0.0066 
1.17(5) 3.030(17) 3.147(17) 2.640(18) 2.677(17) 0.0189 0.0070 
1.18(5) 3.031(18) 3.152(18) 2.636(19) 2.672(18) 0.0196 0.0068 
1.19(5) 3.027(18) 3.149(18) 2.636(19) 2.674(19) 0.0198 0.0072 
1.24(5) 3.025(18) 3.148(18) 2.633(19) 2.674(18) 0.0199 0.0077 
1.29(5) 3.028(20) 3.154(19) 2.629(21) 2.669(20) 0.0204 0.0076 
1.32(5) 3.020(18) 3.148(18) 2.637(19) 2.676(18) 0.0208 0.0073 
1.38(5) 3.020(19) 3.156(18) 2.627(20) 2.666(19) 0.0220 0.0074 
1.44(6) 3.020(19) 3.153(19) 2.625(20) 2.669(19) 0.0215 0.0083 
1.47(6) 3.017(17) 3.147(17) 2.630(18) 2.676(18) 0.0211 0.0087 
1.49(6) 3.013(18) 3.143(18) 2.634(20) 2.679(19) 0.0211 0.0085 
1.51(6) 3.018(19) 3.144(19) 2.630(20) 2.679(19) 0.0204 0.0092 
1.53(6) 3.022(18) 3.154(18) 2.621(20) 2.669(18) 0.0214 0.0091 
1.55(6) 3.024(19) 3.155(18) 2.620(20) 2.668(19) 0.0212 0.0091 
1.58(6) 3.021(18) 3.154(17) 2.621(19) 2.669(18) 0.0215 0.0091 
1.60(6) 3.021(19) 3.158(18) 2.617(20) 2.665(19) 0.0222 0.0091 
1.61(6) 3.016(18) 3.154(17) 2.622(19) 2.669(18) 0.0224 0.0089 
1.63(6) 3.012(18) 3.152(17) 2.625(19) 2.671(18) 0.0227 0.0087 
1.64(6) 3.017(17) 3.142(17) 2.620(19) 2.680(18) 0.0203 0.0113 
1.67(7) 3.032(19) 3.165(18) 2.605(20) 2.658(19) 0.0215 0.0101 
1.71(7) 3.020(19) 3.158(18) 2.612(20) 2.664(19) 0.0223 0.0099 
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F-F d1 (Å) 
Ca 
Octahedra 
F-F d2 (Å) 
Ti 
Octahedra 
F-F d1 (Å) 
Ti 
Octahedra 







1.73(7) 3.015(19) 3.158(18) 2.615(20) 2.663(19) 0.0232 0.0091 
1.75(7) 3.015(20) 3.161(19) 2.615(21) 2.661(19) 0.0236 0.0087 
1.79(7) 3.012(19) 3.158(19) 2.618(21) 2.664(19) 0.0237 0.0087 
1.81(7) 3.004(18) 3.148(18) 2.626(20) 2.675(19) 0.0234 0.0092 
1.83(7) 2.996(19) 3.154(18) 2.630(21) 2.667(19) 0.0257 0.0070 
1.85(7) 2.998(18) 3.145(18) 2.632(20) 2.678(18) 0.0239 0.0087 
1.87(7) 3.004(20) 3.148(19) 2.625(22) 2.675(20) 0.0234 0.0094 
1.93(8) 3.014(21) 3.167(20) 2.615(23) 2.656(20) 0.0248 0.0078 
1.99(8) 3.009(21) 3.165(19) 2.617(23) 2.658(20) 0.0253 0.0078 
2.02(8) 3.022(21) 3.178(20) 2.601(22) 2.645(20) 0.0252 0.0084 
2.04(8) 3.025(22) 3.178(20) 2.600(23) 2.645(20) 0.0247 0.0086 
2.06(8) 3.021(22) 3.180(20) 2.600(23) 2.641(21) 0.0256 0.0078 
2.08(8) 3.026(22) 3.183(20) 2.597(22) 2.640(20) 0.0253 0.0082 
2.11(8) 3.027(22) 3.186(20) 2.595(23) 2.636(21) 0.0256 0.0078 
2.14(8) 3.022(22) 3.180(20) 2.599(23) 2.642(21) 0.0255 0.0082 
2.16(8) 3.027(22) 3.185(20) 2.596(23) 2.638(20) 0.0254 0.0080 
2.18(8) 3.030(22) 3.178(21) 2.596(23) 2.646(21) 0.0238 0.0095 
2.19(9) 3.019(23) 3.179(21) 2.604(24) 2.645(22) 0.0258 0.0078 
2.21(9) 3.022(23) 3.177(21) 2.603(24) 2.647(21) 0.0250 0.0084 
2.25(9) 3.020(23) 3.177(21) 2.603(25) 2.646(22) 0.0253 0.0082 
2.29(9) 3.019(23) 3.179(21) 2.602(24) 2.643(21) 0.0258 0.0078 
2.32(9) 3.021(23) 3.183(21) 2.595(25) 2.638(22) 0.0261 0.0082 
2.34(9) 3.016(24) 3.177(22) 2.602(26) 2.645(23) 0.0260 0.0082 
2.36(9) 3.008(24) 3.168(22) 2.608(26) 2.654(23) 0.0259 0.0087 
2.40(9) 2.998(24) 3.167(22) 2.618(26) 2.654(23) 0.0274 0.0068 
2.42(9) 3.001(23) 3.166(21) 2.614(26) 2.655(22) 0.0268 0.0078 
2.46(10) 3.002(24) 3.167(22) 2.617(26) 2.656(23) 0.0267 0.0074 
2.54(10) 3.011(24) 3.180(22) 2.603(26) 2.642(23) 0.0273 0.0074 
2.63(10) 3.001(25) 3.169(23) 2.610(27) 2.651(23) 0.0272 0.0078 
2.68(10) 3.000(25) 3.172(23) 2.614(27) 2.649(23) 0.0279 0.0067 
2.72(10) 2.996(25) 3.168(22) 2.614(27) 2.650(23) 0.0279 0.0068 
2.75(11) 2.990(25) 3.165(22) 2.616(27) 2.653(23) 0.0284 0.0070 
2.78(11) 2.990(25) 3.162(23) 2.614(27) 2.655(24) 0.0280 0.0078 
2.81(11) 2.988(25) 3.159(23) 2.618(27) 2.659(24) 0.0278 0.0078 
2.86(11) 2.979(26) 3.157(23) 2.62(28) 2.658(24) 0.0290 0.0072 
2.89(11) 2.978(26) 3.155(24) 2.617(29) 2.659(25) 0.0289 0.0080 
2.92(11) 2.963(26) 3.140(24) 2.631(29) 2.672(25) 0.0290 0.0077 
2.94(11) 2.975(29) 3.149(26) 2.620(31) 2.664(26) 0.0284 0.0083 
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F-F d1 (Å) 
Ca 
Octahedra 
F-F d2 (Å) 
Ti 
Octahedra 
F-F d1 (Å) 
Ti 
Octahedra 







2.99(11) 2.970(31) 3.141(27) 2.617(33) 2.669(28) 0.0280 0.0098 
3.05(12) 2.962(35) 3.151(30) 2.620(40) 2.655(31) 0.0309 0.0066 
3.12(12) 2.930(40) 3.130(40) 2.640(50) 2.670(40) 0.0330 0.0056 
3.19(12) 2.946(31) 3.141(28) 2.603(30) 2.656(28) 0.0320 0.0101 
3.23(12) 2.930(40) 3.126(33) 2.600(40) 2.668(33) 0.0324 0.0129 
3.28(12) 2.910(40) 3.130(35) 2.600(40) 2.659(35) 0.0364 0.0112 
 
Table B.8: Crystallographic parameters for CaTiF6 at 298 K derived from the Rietveld 
analysis of the high resolution synchrotron diffraction data collected using a helium cryostat 
(see Figure B.1). 
Chemical Formula CaTiF6 
Space group Fm3̅m 
a (Å) 8.15728(1) 
λ (Å) 0.41272 
 ( cm-1) 4.05 




 x y z Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 0.0095(2) - - 








Table B.9: Crystallographic parameters for CaTiF6 at 16 K derived from the Rietveld 
analysis of the high resolution synchrotron diffraction data collected using a helium cryostat 
(see Figure B.2). 
Chemical Formula CaTiF6 
Space group R3̅ 
a (Å) 5.65886(6) 
c (Å) 14.2279(3) 
λ (Å) 0.41272 
 (cm-1) 4.05 













Ca 0 0 0 0.0061(6) - - - 








F 0.1153(2) 0.3628(3) 0.0905(1) - 0.017(1) 0.0192(9) 0.0025(7) 
 
Table B.10: Crystallographic parameters for CaTiF6 at room temperature and nominally 
zero pressure derived from the Rietveld analysis of the high-pressure synchrotron diffraction 
data collected in a DAC (see Figure B.3). 
Chemical Formula CaTiF6 
Space group Fm3̅m 
a (Å) 8.15110(8) 
λ (Å) 0.45240 




 x y z Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 0.033(3) - - 




Table B.11: Crystallographic parameters for CaTiF6 at room temperature and ∼1 GPa 
derived from the Rietveld analysis of the high-pressure synchrotron diffraction data collected 
using a DAC (see Figure B.4). 
Chemical Formula CaTiF6 
Space group R3̅ 
a (Å) 5.2418(4) 
c (Å) 14.442(3) 
λ (Å) 0.45240 




 x y z Uiso (Å2) 
Ca 0 0 0 0.055(11) 








APPENDIX C. SUPPLEMENTARY MATERIAL FOR CHAPTER 4 
C.1 Figures 
 
Figure C.1: Rietveld plot showing a fit of a MnNbF6 R?̅? model to the 111 K synchrotron 
diffraction data. The two sections of Q have been scaled to show detail, but shifted downwards 
so that the backgrounds for the sections of the plot appear to be the same. 
 
 
Figure C.2: Rietveld plot showing a fit of a MnNbF6 cubic ReO3-type model (Fm?̅?m) to the 
315 K synchrotron diffraction data. The two sections of Q have been scaled to show detail, 







Figure C.3: Rietveld plot showing a fit of a MnNbF6 cubic ReO3-type model (Fm?̅?m) to the 
500 K synchrotron diffraction data. The two sections of Q have been scaled to show detail, 




Figure C.4: Rietveld plot showing a fit of a ZnNbF6 R?̅? model to the 300 K synchrotron 
diffraction data. The two sections of Q have been scaled to show detail, but shifted downwards 





Figure C.5: Rietveld plot showing a fit of MnNbF6 Fm?̅?m and R?̅? models to the nominally 0 
GPa powder x-ray diffraction data obtained in a diamond anvil cell. The high Q section has 
been scaled to show detail, but shifted downwards so that the backgrounds for the sections of 
the plot appear to be the same. The phase flags denote MnNbF6 R?̅? (magenta), MnNbF6 
Fm?̅?m (black), NaCl (cyan), MnF2 (brown). 
 
 
Figure C.6: Rietveld plot showing a fit of MnNbF6 R?̅? model to the 1.0 GPa powder x-ray 
diffraction data obtained in a diamond anvil cell. The high Q section has been scaled to show 
detail, but shifted downwards so that the backgrounds for the sections of the plot appear to 





Figure C.7: Rietveld plot showing a fit of ZnNbF6 R?̅? model to the nominally 0 GPa powder 
x-ray diffraction data obtained in a diamond anvil cell. The high Q section has been scaled to 
show detail, but shifted downwards so that the backgrounds for the sections of the plot appear 
to be the same. The phase flags denote ZnNbF6 (magenta) and NaCl (cyan). 
 
C.2 Tables 
Table C.1: Lattice constant(s) and unit cell volume for cubic or rhombohedral MnNbF6 as 
determined from Rietveld analyses of the variable temperature x-ray diffraction data.  
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
111.50 0.2280 5.4675(4) 14.275(2) 369.56(4) 
115.57 0.2274 5.4691(4) 14.273(2) 369.71(4) 
117.30 0.2267 5.4701(4) 14.271(2) 369.80(4) 
119.08 0.2420 5.4714(4) 14.269(2) 369.93(4) 
122.64 0.2247 5.4739(4) 14.265(2) 370.18(4) 
125.71 0.2238 5.4760(4) 14.263(2) 370.38(4) 
127.65 0.2231 5.4775(4) 14.260(2) 370.54(3) 
129.79 0.2226 5.4791(4) 14.258(2) 370.70(3) 
133.86 0.2215 5.4815(4) 14.255(2) 370.94(3) 
136.96 0.2208 5.4835(4) 14.253(2) 371.15(3) 
140.48 0.2201 5.4857(4) 14.250(2) 371.37(3) 
142.82 0.2196 5.4871(4) 14.248(2) 371.52(3) 
144.09 0.2192 5.4884(4) 14.247(2) 371.65(3) 
147.40 0.2186 5.4906(3) 14.244(2) 371.88(3) 
150.55 0.2178 5.4930(3) 14.241(2) 372.12(3) 




Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
157.42 0.2164 5.4972(3) 14.236(2) 372.56(3) 
157.17 0.2159 5.4985(3) 14.234(2) 372.69(3) 
162.07 0.2149 5.5013(3) 14.231(2) 372.98(3) 
164.45 0.2140 5.5033(3) 14.228(2) 373.19(3) 
166.70 0.2135 5.5053(3) 14.226(2) 373.40(3) 
170.49 0.2124 5.5077(3) 14.223(2) 373.64(3) 
172.48 0.2116 5.5095(3) 14.220(1) 373.83(3) 
175.04 0.2108 5.5118(3) 14.218(1) 374.05(3) 
178.23 0.2099 5.5140(3) 14.215(1) 374.28(3) 
180.94 0.2088 5.5160(3) 14.212(1) 374.49(3) 
183.74 0.2232 5.5180(3) 14.209(1) 374.69(3) 
186.47 0.2065 5.5204(3) 14.206(1) 374.93(3) 
189.45 0.2052 5.5228(3) 14.203(1) 375.17(3) 
192.70 0.2040 5.5252(3) 14.200(1) 375.40(3) 
195.91 0.2027 5.5276(3) 14.197(1) 375.65(3) 
197.81 0.2015 5.5298(3) 14.194(1) 375.88(3) 
201.53 0.2003 5.5323(3) 14.191(1) 376.13(3) 
204.73 0.1990 5.5348(3) 14.187(1) 376.39(3) 
207.56 0.1978 5.5373(3) 14.184(1) 376.64(3) 
209.80 0.1969 5.5393(3) 14.182(1) 376.86(3) 
212.74 0.1957 5.5418(3) 14.179(1) 377.12(3) 
215.96 0.1948 5.5442(3) 14.176(1) 377.38(3) 
218.90 0.1940 5.5466(3) 14.174(1) 377.64(3) 
222.02 0.1931 5.5490(3) 14.171(1) 377.89(3) 
225.05 0.1922 5.5516(3) 14.168(1) 378.16(3) 
228.07 0.1913 5.5540(3) 14.166(1) 378.43(3) 
230.90 0.1904 5.5566(3) 14.163(1) 378.70(3) 
233.73 0.1891 5.5593(3) 14.160(1) 378.98(3) 
236.56 0.1880 5.5618(3) 14.157(1) 379.25(3) 
239.88 0.1864 5.5647(3) 14.154(1) 379.56(3) 
242.81 0.1845 5.5675(3) 14.150(1) 379.86(3) 
245.36 0.1828 5.5699(3) 14.148(1) 380.12(3) 
248.98 0.1804 5.5731(3) 14.144(1) 380.46(3) 
251.34 0.1784 5.5760(3) 14.141(1) 380.77(3) 
254.88 0.1761 5.5789(3) 14.138(1) 381.08(3) 
257.83 0.1737 5.5820(3) 14.135(1) 381.43(3) 
260.10 0.1719 5.5844(3) 14.133(1) 381.69(3) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
263.76 0.1688 5.5881(3) 14.129(1) 382.09(3) 
266.44 0.1664 5.5910(2) 14.126(1) 382.41(3) 
269.12 0.1645 5.5935(2) 14.124(1) 382.69(3) 
272.70 0.1614 5.5972(2) 14.120(1) 383.10(2) 
275.69 0.1588 5.6004(2) 14.117(1) 383.46(2) 
278.48 0.1567 5.6035(2) 14.115(1) 383.82(2) 
280.87 0.1548 5.6061(2) 14.112(1) 384.10(2) 
284.17 0.1525 5.6097(2) 14.109(1) 384.51(2) 
287.27 0.1502 5.6134(2) 14.106(1) 384.94(2) 
290.28 0.1480 5.6170(2) 14.103(1) 385.34(2) 
293.20 0.1459 5.6206(2) 14.100(1) 385.75(2) 
296.02 0.1439 5.6246(2) 14.096(1) 386.19(2) 
298.95 0.1415 5.6288(2) 14.092(1) 386.68(2) 
302.30 0.1388 5.6342(2) 14.088(1) 387.28(2) 
305.06 0.1373 5.6391(2) 14.083(1) 387.85(2) 
308.05 0.1419 5.6462(2) 14.078(1) 388.68(2) 
311.80 0.1884 5.6629(2) 14.067(2) 390.66(2) 
315.66 0.1899 8.0794(2) - 527.39(3) 
319.79 0.1799 8.0806(2) - 527.63(3) 
322.95 0.1751 8.0812(1) - 527.74(3) 
326.30 0.1710 8.0817(1) - 527.84(3) 
329.59 0.1674 8.0821(1) - 527.92(3) 
332.90 0.1642 8.0824(1) - 527.98(3) 
336.24 0.1615 8.0827(1) - 528.04(3) 
339.50 0.1588 8.0829(1) - 528.09(3) 
343.01 0.1565 8.0831(1) - 528.13(3) 
346.41 0.1547 8.0833(1) - 528.16(3) 
349.70 0.1528 8.0835(1) - 528.19(2) 
353.21 0.1512 8.0836(1) - 528.22(2) 
356.61 0.1497 8.0837(1) - 528.24(2) 
359.93 0.1484 8.0838(1) - 528.25(2) 
363.52 0.1472 8.0839(1) - 528.27(2) 
367.18 0.1464 8.0839(1) - 528.28(2) 
370.79 0.1449 8.0840(1) - 528.29(2) 
374.33 0.1442 8.0840(1) - 528.30(2) 
377.96 0.1430 8.0840(1) - 528.30(2) 
381.44 0.1420 8.0840(1) - 528.30(2) 
384.55 0.1411 8.0840(1) - 528.30(2) 
387.59 0.1405 8.0840(1) - 528.31(2) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
390.45 0.1397 8.0840(1) - 528.30(2) 
393.35 0.1395 8.0840(1) - 528.30(2) 
396.37 0.1386 8.0840(1) - 528.30(2) 
399.56 0.1377 8.0840(1) - 528.29(2) 
402.73 0.1372 8.0840(1) - 528.29(2) 
405.95 0.1363 8.0839(1) - 528.28(2) 
409.13 0.1357 8.0839(1) - 528.28(2) 
412.35 0.1352 8.0839(1) - 528.27(2) 
415.56 0.135 8.0838(1) - 528.26(2) 
418.60 0.1342 8.0840(1) - 528.29(2) 
422.15 0.1337 8.0839(1) - 528.28(2) 
424.93 0.1333 8.0839(1) - 528.27(2) 
427.92 0.1327 8.0838(1) - 528.26(2) 
430.96 0.1324 8.0838(1) - 528.25(2) 
434.09 0.1320 8.0837(1) - 528.24(2) 
437.07 0.1316 8.0836(1) - 528.23(2) 
440.00 0.1313 8.0836(1) - 528.22(2) 
442.94 0.1311 8.0835(1) - 528.20(2) 
443.31 0.1311 8.0835(1) - 528.20(2) 
447.68 0.1306 8.0834(1) - 528.18(2) 
450.73 0.1304 8.0834(1) - 528.17(2) 
451.33 0.1304 8.0833(1) - 528.16(2) 
455.45 0.1299 8.0832(1) - 528.14(2) 
458.37 0.1297 8.0831(1) - 528.13(2) 
459.40 0.1296 8.0831(1) - 528.12(2) 
463.27 0.1295 8.0830(1) - 528.10(2) 
466.05 0.1294 8.0829(1) - 528.09(2) 
468.67 0.1292 8.0829(1) - 528.07(2) 
471.29 0.1291 8.0828(1) - 528.06(2) 
473.83 0.1291 8.0827(1) - 528.04(2) 
476.36 0.1288 8.0826(1) - 528.03(2) 
478.96 0.1287 8.0825(1) - 528.01(2) 
481.53 0.1285 8.0825(1) - 528.00(2) 
484.06 0.1285 8.0824(1) - 527.98(2) 
486.54 0.1284 8.0823(1) - 527.96(2) 
488.97 0.1285 8.0822(1) - 527.94(2) 
491.53 0.1284 8.0821(1) - 527.92(2) 
493.90 0.1285 8.0820(1) - 527.90(2) 
496.05 0.1286 8.0819(1) - 527.88(2) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
498.34 0.1285 8.0818(1) - 527.86(2) 
501.02 0.1286 8.0816(1) - 527.83(2) 
503.75 0.1287 8.0815(1) - 527.81(2) 
503.54 0.1290 8.0814(1) - 527.80(2) 
501.59 0.1295 8.0814(1) - 527.79(2) 
499.44 0.1299 8.0814(1) - 527.79(2) 
497.64 0.1301 8.0814(1) - 527.78(2) 
495.60 0.1304 8.0814(1) - 527.78(2) 
493.59 0.1307 8.0814(1) - 527.78(2) 
491.31 0.1311 8.0814(1) - 527.79(2) 
488.99 0.1314 8.0814(1) - 527.79(2) 
486.37 0.1318 8.0814(1) - 527.80(2) 
483.69 0.1321 8.0815(1) - 527.80(2) 
480.85 0.1324 8.0815(1) - 527.81(2) 
478.15 0.1329 8.0815(1) - 527.82(2) 
475.53 0.1332 8.0816(1) - 527.82(2) 
472.98 0.1336 8.0816(1) - 527.83(2) 
469.99 0.1340 8.0817(1) - 527.84(2) 
467.93 0.1342 8.0817(1) - 527.85(2) 
464.63 0.1346 8.0818(1) - 527.86(2) 
461.41 0.1342 8.0817(1) - 527.84(2) 
458.34 0.1345 8.0817(1) - 527.85(2) 
455.37 0.1349 8.0818(1) - 527.86(2) 
452.46 0.1352 8.0818(1) - 527.87(2) 
449.58 0.1355 8.0819(1) - 527.88(2) 
446.71 0.1359 8.0819(1) - 527.88(2) 
443.94 0.1361 8.0819(1) - 527.89(2) 
440.97 0.1365 8.0820(1) - 527.90(2) 
438.07 0.1368 8.0820(1) - 527.91(2) 
435.26 0.1372 8.0821(1) - 527.92(2) 
432.42 0.1376 8.0821(1) - 527.93(2) 
429.38 0.1382 8.0822(1) - 527.94(2) 
426.41 0.1386 8.0822(1) - 527.94(2) 
423.44 0.1392 8.0822(1) - 527.95(2) 
420.46 0.1397 8.0823(1) - 527.96(2) 
417.47 0.1398 8.0823(1) - 527.97(2) 
414.47 0.1405 8.0823(1) - 527.97(2) 
411.56 0.1411 8.0824(1) - 527.98(2) 
408.44 0.1415 8.0824(1) - 527.99(2) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
405.40 0.1421 8.0824(1) - 527.99(2) 
402.23 0.1428 8.0825(1) - 527.99(2) 
399.24 0.1435 8.0825(1) - 528.00(2) 
395.97 0.1441 8.0825(1) - 528.00(2) 
393.26 0.1448 8.0825(1) - 528.01(2) 
390.50 0.1453 8.0825(1) - 528.01(2) 
387.66 0.1463 8.0825(1) - 528.01(2) 
384.80 0.1468 8.0825(1) - 528.01(2) 
382.41 0.1476 8.0825(1) - 528.01(2) 
378.25 0.1485 8.0825(1) - 528.01(2) 
374.81 0.1494 8.0825(1) - 528.01(2) 
371.41 0.1506 8.0825(1) - 528.00(2) 
368.15 0.1517 8.0824(1) - 527.99(2) 
364.65 0.1528 8.0824(1) - 527.98(3) 
361.38 0.1542 8.0823(1) - 527.96(3) 
358.11 0.1554 8.0822(1) - 527.95(3) 
354.63 0.1569 8.0821(1) - 527.93(3) 
351.17 0.1584 8.0820(1) - 527.91(3) 
347.86 0.1601 8.0819(1) - 527.89(3) 
344.45 0.1619 8.0818(1) - 527.86(3) 
341.07 0.1640 8.0816(1) - 527.82(3) 
337.81 0.1661 8.0814(1) - 527.78(3) 
334.43 0.1686 8.0811(1) - 527.73(3) 
331.49 0.1710 8.0808(1) - 527.67(3) 
328.11 0.1739 8.0805(1) - 527.61(3) 
324.85 0.1772 8.0800(2) - 527.52(3) 
321.64 0.1806 8.0795(2) - 527.42(3) 
318.48 0.1853 8.0788(2) - 527.28(3) 
313.25 0.1965 8.0770(2) - 526.92(4) 
311.06 0.2113 8.0747(2) - 526.48(4) 
311.80 0.2303 5.4736(4) 14.260(2) 392.31(4) 
307.72 0.2296 5.4751(4) 14.258(2) 388.94(4) 
305.10 0.2289 5.4765(4) 14.256(2) 387.67(4) 
301.68 0.2278 5.4791(4) 14.252(2) 387.08(4) 
298.79 0.2277 5.4798(4) 14.251(2) 386.65(4) 
296.30 0.2270 5.4815(4) 14.249(2) 386.13(4) 
292.85 0.2264 5.4834(4) 14.247(2) 385.73(4) 
290.55 0.2258 5.4852(4) 14.244(2) 385.28(4) 
287.36 0.2253 5.4871(4) 14.242(2) 384.87(4) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
284.45 0.2247 5.4889(4) 14.240(2) 384.53(4) 
281.71 0.2243 5.4911(4) 14.237(2) 384.16(4) 
279.05 0.2236 5.4932(4) 14.234(2) 383.77(4) 
275.89 0.2232 5.4949(4) 14.232(2) 383.44(4) 
273.01 0.2227 5.4968(4) 14.229(2) 383.07(4) 
270.03 0.2222 5.4990(4) 14.227(2) 382.76(4) 
267.06 0.2213 5.5016(4) 14.223(2) 382.44(4) 
264.19 0.2207 5.5037(4) 14.220(2) 382.11(4) 
261.43 0.2199 5.5060(4) 14.217(2) 381.78(4) 
258.48 0.2190 5.5085(4) 14.214(2) 381.48(4) 
255.16 0.2183 5.5106(4) 14.211(2) 381.07(4) 
252.05 0.2175 5.5125(4) 14.208(2) 380.80(4) 
249.44 0.2164 5.5150(4) 14.205(2) 380.53(4) 
246.94 0.2154 5.5176(4) 14.201(2) 380.20(4) 
243.01 0.2145 5.5192(4) 14.199(2) 379.93(3) 
240.33 0.2133 5.5218(4) 14.195(2) 379.65(3) 
237.85 0.2120 5.5244(4) 14.192(2) 379.36(3) 
234.79 0.2105 5.5268(4) 14.188(2) 379.08(4) 
231.72 0.2091 5.5296(4) 14.184(2) 378.80(4) 
228.84 0.2079 5.5316(4) 14.182(2) 378.53(3) 
225.95 0.2067 5.5340(4) 14.178(2) 378.27(3) 
223.05 0.2056 5.5362(4) 14.176(2) 377.99(3) 
220.16 0.2048 5.5383(4) 14.173(2) 377.74(3) 
217.29 0.2036 5.5405(4) 14.170(2) 377.48(3) 
214.35 0.2027 5.5429(4) 14.168(2) 377.22(3) 
211.48 0.2017 5.5454(3) 14.165(2) 376.96(3) 
208.28 0.2007 5.5478(3) 14.162(2) 376.71(3) 
205.44 0.1997 5.5503(3) 14.159(2) 376.49(3) 
202.89 0.1991 5.5527(3) 14.156(2) 376.27(3) 
199.92 0.1979 5.5553(3) 14.153(2) 376.04(3) 
197.17 0.1969 5.5578(3) 14.150(1) 375.80(3) 
193.40 0.1957 5.5604(3) 14.147(1) 375.60(3) 
191.80 0.1943 5.5630(3) 14.144(1) 375.32(3) 
187.92 0.1928 5.5656(3) 14.142(1) 375.08(3) 
186.40 0.1910 5.5683(3) 14.139(1) 374.83(3) 
182.39 0.1892 5.5709(3) 14.136(1) 374.57(3) 
178.06 0.1871 5.5735(3) 14.133(1) 374.41(3) 
178.15 0.1846 5.5765(3) 14.130(1) 374.16(3) 
174.01 0.1826 5.5790(3) 14.127(1) 373.91(3) 
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Table C.1 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
170.27 0.1804 5.5815(3) 14.125(1) 373.72(3) 
169.89 0.1772 5.5851(3) 14.121(1) 373.51(3) 
167.41 0.1748 5.5879(3) 14.119(1) 373.27(3) 
164.29 0.1722 5.5908(3) 14.116(1) 373.03(3) 
161.20 0.1696 5.5938(3) 14.113(1) 372.83(3) 
158.71 0.1672 5.5966(3) 14.111(1) 372.56(3) 
155.07 0.1648 5.5994(3) 14.108(1) 372.34(3) 
152.21 0.1621 5.6026(3) 14.105(1) 372.15(3) 
149.31 0.1597 5.6055(3) 14.103(1) 371.97(3) 
147.13 0.1571 5.6090(2) 14.100(1) 371.76(3) 
144.20 0.1547 5.6122(2) 14.097(1) 371.54(2) 
140.86 0.1529 5.6152(2) 14.095(1) 371.35(2) 
138.39 0.1503 5.6188(2) 14.092(1) 371.16(2) 
135.66 0.1478 5.6228(2) 14.088(1) 370.97(2) 
132.73 0.1459 5.6263(2) 14.085(1) 370.78(2) 
129.77 0.1433 5.6309(2) 14.081(1) 370.61(2) 
127.37 0.1413 5.6347(2) 14.078(1) 370.55(2) 
127.02 0.1391 5.6398(2) 14.073(1) 370.28(2) 
122.65 0.1520 5.6502(3) 14.068(1) 370.14(3) 
120.79 0.2154 5.6822(7) 14.030(3) 369.99(4) 
 
Table C.2: Lattice constants and unit cell volume for rhombohedral ZnNbF6 as determined 
by Rietveld analyses of the variable temperature x-ray diffraction data. 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
111.61 0.1108 5.2531(1) 14.0132(4) 334.88(1) 
115.12 0.1109 5.2538(1) 14.0120(4) 334.95(1) 
117.47 0.1108 5.2547(1) 14.0109(4) 335.03(1) 
119.77 0.1107 5.2556(1) 14.0096(4) 335.12(1) 
122.19 0.1105 5.2566(1) 14.0082(4) 335.22(1) 
125.07 0.1104 5.2575(1) 14.0070(4) 335.30(1) 
127.37 0.1102 5.2585(1) 14.0057(4) 335.39(1) 
130.72 0.1101 5.2595(1) 14.0044(4) 335.49(1) 
133.03 0.1100 5.2604(1) 14.0032(4) 335.58(1) 
135.87 0.1098 5.2614(1) 14.0019(4) 335.68(1) 
138.67 0.1095 5.2624(1) 14.0006(4) 335.78(1) 




Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
143.91 0.1156 5.2644(1) 13.9979(4) 335.97(1) 
146.61 0.1088 5.2655(1) 13.9967(4) 336.07(1) 
149.53 0.1085 5.2666(1) 13.9954(4) 336.18(1) 
153.71 0.1083 5.2676(1) 13.9941(4) 336.28(1) 
156.24 0.1080 5.2687(1) 13.9928(4) 336.39(1) 
158.88 0.1077 5.2698(1) 13.9915(4) 336.49(1) 
161.53 0.1074 5.2708(1) 13.9901(4) 336.60(1) 
164.17 0.1071 5.2720(1) 13.9888(4) 336.71(1) 
166.70 0.1069 5.2731(1) 13.9875(4) 336.82(1) 
169.54 0.1130 5.2741(1) 13.9861(4) 336.92(1) 
172.67 0.1064 5.2754(1) 13.9848(4) 337.05(1) 
175.13 0.1061 5.2764(1) 13.9836(4) 337.15(1) 
178.23 0.1058 5.2776(1) 13.9823(4) 337.27(1) 
180.85 0.1056 5.2787(1) 13.9810(4) 337.38(1) 
183.74 0.1054 5.2800(1) 13.9796(4) 337.51(1) 
186.47 0.1053 5.2810(1) 13.9784(4) 337.62(1) 
189.35 0.1050 5.2822(1) 13.9771(4) 337.74(1) 
192.30 0.1047 5.2834(1) 13.9757(4) 337.86(1) 
195.21 0.1045 5.2846(1) 13.9745(4) 337.98(1) 
198.30 0.1043 5.2857(1) 13.9732(4) 338.10(1) 
201.17 0.1040 5.2869(1) 13.9719(4) 338.22(1) 
204.44 0.1038 5.2882(1) 13.9706(4) 338.35(1) 
207.36 0.1034 5.2895(1) 13.9693(4) 338.48(1) 
210.29 0.1031 5.2907(1) 13.9680(4) 338.61(1) 
213.22 0.1028 5.2920(1) 13.9667(4) 338.73(1) 
216.16 0.1026 5.2932(1) 13.9654(4) 338.86(1) 
219.09 0.1023 5.2945(1) 13.9642(4) 338.99(1) 
222.02 0.1018 5.2957(1) 13.9629(4) 339.12(1) 
224.95 0.1016 5.2970(1) 13.9616(4) 339.26(1) 
227.88 0.1013 5.2983(1) 13.9604(4) 339.39(1) 
230.81 0.1009 5.2996(1) 13.9592(4) 339.53(1) 
233.83 0.1006 5.3009(1) 13.9579(4) 339.66(1) 
236.76 0.1002 5.3022(1) 13.9567(4) 339.79(1) 
239.69 0.0999 5.3034(1) 13.9554(4) 339.93(1) 
242.62 0.0995 5.3047(1) 13.9542(4) 340.06(1) 
245.55 0.0992 5.3060(1) 13.9530(4) 340.20(1) 
248.49 0.0988 5.3073(1) 13.9518(4) 340.33(1) 
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Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
251.43 0.0985 5.3086(1) 13.9506(4) 340.47(1) 
254.38 0.0981 5.3099(1) 13.9493(4) 340.61(1) 
257.34 0.0978 5.3113(1) 13.9481(4) 340.75(1) 
260.30 0.0975 5.3126(1) 13.9469(4) 340.89(1) 
263.27 0.0971 5.3139(1) 13.9457(4) 341.03(1) 
266.24 0.0969 5.3152(1) 13.9445(4) 341.17(1) 
269.22 0.0966 5.3166(1) 13.9432(4) 341.32(1) 
272.20 0.0962 5.3179(1) 13.9420(4) 341.46(1) 
275.19 0.0960 5.3193(1) 13.9407(4) 341.60(1) 
278.18 0.0957 5.3206(1) 13.9395(4) 341.74(1) 
281.17 0.0955 5.3220(1) 13.9382(4) 341.89(1) 
284.17 0.0953 5.3233(1) 13.9370(4) 342.03(1) 
287.17 0.0952 5.3247(1) 13.9358(4) 342.17(1) 
290.18 0.0948 5.3261(1) 13.9345(4) 342.32(1) 
293.20 0.0947 5.3275(1) 13.9332(4) 342.47(1) 
296.22 0.0945 5.3288(1) 13.9319(4) 342.62(1) 
299.25 0.0944 5.3302(1) 13.9307(4) 342.76(1) 
302.30 0.0943 5.3316(1) 13.9294(4) 342.91(1) 
305.37 0.0942 5.3330(1) 13.9282(4) 343.06(1) 
308.56 0.0940 5.3345(1) 13.9268(4) 343.22(1) 
311.70 0.0940 5.3360(1) 13.9255(4) 343.38(1) 
315.94 0.0938 5.3382(1) 13.9235(4) 343.62(1) 
319.67 0.0937 5.3400(1) 13.9219(4) 343.81(1) 
323.06 0.0936 5.3415(1) 13.9207(4) 343.97(1) 
326.30 0.0935 5.3431(1) 13.9193(4) 344.14(1) 
329.59 0.0935 5.3447(1) 13.9179(4) 344.31(1) 
332.90 0.0932 5.3463(1) 13.9166(4) 344.49(1) 
336.24 0.0931 5.3480(1) 13.9151(4) 344.67(1) 
339.61 0.0928 5.3497(1) 13.9137(4) 344.85(1) 
343.01 0.0929 5.3515(1) 13.9122(4) 345.04(1) 
346.41 0.0929 5.3532(1) 13.9108(4) 345.23(1) 
349.81 0.0929 5.3549(1) 13.9094(4) 345.41(1) 
353.21 0.0928 5.3566(1) 13.9080(4) 345.60(1) 
356.61 0.0930 5.3584(1) 13.9065(4) 345.79(1) 
360.04 0.0933 5.3602(1) 13.9051(4) 345.99(1) 
363.52 0.0939 5.3620(1) 13.9036(4) 346.19(1) 
367.18 0.0942 5.3641(1) 13.9019(4) 346.41(1) 
370.79 0.0943 5.3661(1) 13.9003(4) 346.64(1) 
374.57 0.0942 5.3681(1) 13.8987(4) 346.85(1) 
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Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
378.20 0.0940 5.3701(1) 13.8971(4) 347.07(1) 
381.66 0.0937 5.3721(1) 13.8954(4) 347.29(1) 
384.83 0.0934 5.3740(1) 13.8939(4) 347.49(1) 
387.02 0.0932 5.3757(1) 13.8925(4) 347.68(1) 
390.64 0.0930 5.3775(1) 13.8910(4) 347.87(1) 
393.64 0.0929 5.3793(1) 13.8895(4) 348.07(1) 
396.78 0.0927 5.3814(1) 13.8879(4) 348.30(1) 
400.28 0.0927 5.3837(1) 13.8860(4) 348.55(1) 
403.71 0.0926 5.3859(1) 13.8842(4) 348.79(1) 
407.07 0.0927 5.3881(1) 13.8823(4) 349.04(1) 
410.29 0.0928 5.3904(1) 13.8804(4) 349.28(1) 
413.49 0.0928 5.3927(1) 13.8785(4) 349.54(1) 
416.37 0.0929 5.3950(1) 13.8766(4) 349.79(1) 
419.33 0.0932 5.3972(1) 13.8748(4) 350.02(1) 
421.71 0.0934 5.3991(1) 13.8731(4) 350.23(1) 
424.33 0.0939 5.4010(1) 13.8715(4) 350.43(1) 
427.16 0.0943 5.4029(1) 13.8698(4) 350.63(1) 
429.73 0.0948 5.4047(1) 13.8682(4) 350.82(1) 
432.34 0.0954 5.4065(1) 13.8666(4) 351.03(1) 
434.69 0.0962 5.4083(1) 13.8651(4) 351.21(1) 
437.79 0.0971 5.4104(1) 13.8632(4) 351.44(1) 
440.57 0.0979 5.4125(1) 13.8615(4) 351.67(1) 
443.25 0.0988 5.4145(1) 13.8598(4) 351.88(1) 
445.92 0.0997 5.4165(1) 13.8580(5) 352.10(1) 
448.61 0.1008 5.4186(1) 13.8563(5) 352.33(1) 
451.28 0.1020 5.4206(1) 13.8546(5) 352.55(1) 
453.80 0.1033 5.4227(1) 13.8528(5) 352.78(1) 
456.44 0.1046 5.4249(1) 13.8510(5) 353.01(1) 
458.97 0.1060 5.4271(1) 13.8491(5) 353.25(1) 
461.69 0.1074 5.4295(1) 13.8471(5) 353.51(1) 
464.22 0.1089 5.4319(1) 13.8450(5) 353.77(1) 
466.60 0.1109 5.4343(1) 13.8429(5) 354.03(1) 
469.19 0.1131 5.4369(1) 13.8406(5) 354.31(1) 
471.72 0.1151 5.4394(1) 13.8383(5) 354.59(1) 
474.21 0.1170 5.4419(1) 13.8360(6) 354.85(1) 
476.77 0.1192 5.4446(1) 13.8336(6) 355.13(1) 
479.03 0.1215 5.4472(1) 13.8312(6) 355.42(1) 
481.43 0.1240 5.4499(1) 13.8287(6) 355.70(1) 
483.81 0.1265 5.4527(1) 13.8261(6) 356.00(1) 
 
 258 
Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
486.18 0.1295 5.4554(2) 13.8234(7) 356.29(2) 
488.99 0.1325 5.4583(2) 13.8207(7) 356.59(2) 
491.66 0.1358 5.4610(2) 13.8180(7) 356.88(2) 
494.66 0.1393 5.4637(2) 13.8153(8) 357.16(2) 
497.84 0.1432 5.4665(2) 13.8125(8) 357.46(2) 
501.02 0.1473 5.4698(2) 13.8091(8) 357.79(2) 
504.43 0.1524 5.4731(2) 13.8058(9) 358.14(2) 
503.50 0.1565 5.4740(2) 13.8046(9) 358.24(2) 
501.90 0.1592 5.4734(2) 13.8049(9) 358.16(2) 
499.91 0.1604 5.4720(2) 13.8059(9) 358.01(2) 
497.78 0.1611 5.4698(2) 13.8077(9) 357.77(2) 
495.27 0.1612 5.4680(2) 13.8092(9) 357.57(2) 
494.67 0.1615 5.4675(2) 13.8095(9) 357.51(2) 
490.87 0.1615 5.4640(2) 13.8125(9) 357.13(2) 
488.08 0.1613 5.4615(2) 13.8147(9) 356.85(2) 
486.89 0.1613 5.4601(2) 13.8158(9) 356.70(2) 
485.04 0.1610 5.4589(2) 13.8168(9) 356.57(2) 
482.22 0.1605 5.4569(2) 13.8184(9) 356.36(2) 
479.22 0.1602 5.4547(2) 13.8203(9) 356.12(2) 
476.31 0.1597 5.4524(2) 13.8223(9) 355.87(2) 
473.60 0.1592 5.4502(2) 13.8241(9) 355.62(2) 
470.54 0.1588 5.4480(2) 13.8260(9) 355.38(2) 
467.87 0.1581 5.4458(2) 13.8279(9) 355.15(2) 
465.42 0.1576 5.4436(2) 13.8297(9) 354.91(2) 
461.66 0.1572 5.4413(2) 13.8317(9) 354.65(2) 
458.21 0.1568 5.4389(2) 13.8336(9) 354.40(2) 
454.94 0.1563 5.4367(2) 13.8354(8) 354.16(2) 
451.98 0.1558 5.4346(2) 13.8371(8) 353.92(2) 
448.97 0.1553 5.4325(2) 13.8388(8) 353.69(2) 
446.00 0.1549 5.4304(2) 13.8405(8) 353.47(2) 
443.04 0.1546 5.4284(2) 13.8421(8) 353.24(2) 
440.18 0.1540 5.4264(2) 13.8436(8) 353.02(2) 
437.39 0.1535 5.4245(2) 13.8451(8) 352.81(2) 
434.69 0.1529 5.4226(2) 13.8466(8) 352.60(2) 
431.97 0.1523 5.4207(2) 13.8481(8) 352.39(2) 
429.13 0.1517 5.4187(2) 13.8496(8) 352.18(2) 
426.28 0.1509 5.4168(2) 13.8512(8) 351.96(2) 
423.22 0.1501 5.4147(2) 13.8528(8) 351.74(2) 
420.34 0.1494 5.4127(2) 13.8544(8) 351.52(2) 
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Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
417.46 0.1485 5.4108(2) 13.8561(8) 351.31(2) 
414.47 0.1475 5.4087(2) 13.8578(8) 351.08(2) 
411.37 0.1464 5.4066(2) 13.8597(8) 350.85(2) 
408.46 0.1454 5.4045(2) 13.8615(8) 350.63(2) 
405.54 0.1445 5.4024(2) 13.8634(7) 350.41(2) 
402.40 0.1435 5.4002(2) 13.8653(7) 350.18(2) 
399.34 0.1425 5.3981(2) 13.8673(7) 349.95(2) 
396.15 0.1415 5.3959(2) 13.8692(7) 349.72(2) 
393.60 0.1405 5.3941(2) 13.8708(7) 349.52(2) 
390.66 0.1398 5.3922(1) 13.8725(7) 349.31(2) 
387.80 0.1392 5.3904(1) 13.8741(7) 349.12(2) 
384.85 0.1385 5.3886(1) 13.8756(7) 348.93(2) 
380.53 0.1381 5.3866(1) 13.8773(7) 348.71(2) 
377.15 0.1375 5.3847(1) 13.8789(7) 348.50(2) 
373.76 0.1373 5.3827(1) 13.8806(7) 348.29(2) 
370.38 0.1371 5.3807(1) 13.8823(7) 348.07(2) 
367.00 0.1370 5.3786(1) 13.8839(7) 347.85(2) 
363.63 0.1369 5.3766(1) 13.8856(7) 347.62(1) 
360.27 0.1371 5.3747(1) 13.8872(7) 347.42(1) 
356.95 0.1370 5.3729(1) 13.8886(7) 347.22(1) 
353.65 0.1371 5.3710(1) 13.8901(7) 347.02(1) 
350.27 0.1373 5.3693(1) 13.8916(7) 346.82(1) 
346.90 0.1375 5.3675(1) 13.8930(7) 346.64(1) 
343.62 0.1377 5.3658(1) 13.8944(7) 346.45(1) 
340.26 0.1380 5.3640(1) 13.8958(7) 346.26(1) 
336.98 0.1383 5.3623(1) 13.8972(7) 346.06(1) 
333.51 0.1388 5.3605(1) 13.8986(7) 345.87(1) 
330.42 0.1393 5.3588(1) 13.9000(7) 345.69(1) 
328.38 0.1395 5.3574(1) 13.9012(7) 345.54(1) 
324.32 0.1401 5.3555(1) 13.9028(7) 345.32(1) 
321.73 0.1406 5.3539(1) 13.9041(7) 345.15(2) 
315.81 0.1409 5.3522(1) 13.9054(7) 344.97(2) 
313.68 0.1418 5.3498(1) 13.9075(7) 344.71(2) 
311.28 0.1423 5.3484(1) 13.9087(7) 344.56(2) 
308.40 0.1427 5.3469(1) 13.9099(7) 344.40(2) 
304.93 0.1431 5.3454(2) 13.9113(7) 344.24(2) 
302.05 0.1435 5.3440(2) 13.9125(7) 344.09(2) 
299.36 0.1440 5.3427(2) 13.9136(7) 343.95(2) 
296.75 0.1444 5.3415(2) 13.9147(7) 343.82(2) 
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Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
293.71 0.1446 5.3401(2) 13.9159(7) 343.67(2) 
290.95 0.1450 5.3388(2) 13.9171(7) 343.53(2) 
287.69 0.1454 5.3374(2) 13.9183(7) 343.39(2) 
284.31 0.1459 5.3360(2) 13.9196(7) 343.23(2) 
281.74 0.1461 5.3347(2) 13.9208(7) 343.09(2) 
278.76 0.1466 5.3334(2) 13.9220(7) 342.96(2) 
275.79 0.1470 5.3321(2) 13.9233(7) 342.82(2) 
272.93 0.1474 5.3308(2) 13.9246(7) 342.68(2) 
269.89 0.1476 5.3294(2) 13.9259(7) 342.54(2) 
267.05 0.1482 5.3282(2) 13.9272(7) 342.41(2) 
264.14 0.1486 5.3268(2) 13.9285(7) 342.27(2) 
261.44 0.1491 5.3255(2) 13.9299(7) 342.13(2) 
258.45 0.1516 5.3235(2) 13.9325(7) 341.95(2) 
255.79 0.1517 5.3227(2) 13.9334(7) 341.86(2) 
253.01 0.1522 5.3215(2) 13.9345(7) 341.74(2) 
250.14 0.1525 5.3203(2) 13.9357(7) 341.61(2) 
247.20 0.1529 5.3191(2) 13.9369(7) 341.49(2) 
244.10 0.1535 5.3178(2) 13.9382(7) 341.35(2) 
241.31 0.1538 5.3166(2) 13.9394(7) 341.23(2) 
238.52 0.1543 5.3154(2) 13.9406(7) 341.10(2) 
234.94 0.1548 5.3139(2) 13.9421(7) 340.94(2) 
232.66 0.1553 5.3129(2) 13.9431(7) 340.84(2) 
229.87 0.1556 5.3116(2) 13.9443(7) 340.71(2) 
227.03 0.1560 5.3104(2) 13.9455(7) 340.58(2) 
223.90 0.1567 5.3091(2) 13.9468(8) 340.44(2) 
221.07 0.1570 5.3079(2) 13.9480(8) 340.32(2) 
218.66 0.1575 5.3067(2) 13.9492(8) 340.19(2) 
216.11 0.1580 5.3055(2) 13.9504(8) 340.07(2) 
214.29 0.1583 5.3043(2) 13.9515(8) 339.95(2) 
209.87 0.1587 5.3031(2) 13.9528(8) 339.82(2) 
206.46 0.1593 5.3019(2) 13.9539(8) 339.70(2) 
203.22 0.1597 5.3007(2) 13.9552(8) 339.57(2) 
200.14 0.1600 5.2995(2) 13.9564(8) 339.45(2) 
197.38 0.1604 5.2984(2) 13.9576(8) 339.33(2) 
194.80 0.1608 5.2972(2) 13.9588(8) 339.21(2) 
191.44 0.1612 5.2959(2) 13.9601(8) 339.08(2) 
189.60 0.1616 5.2950(2) 13.9611(8) 338.98(2) 
186.40 0.1619 5.2936(2) 13.9626(8) 338.85(2) 
183.31 0.1625 5.2925(2) 13.9639(8) 338.73(2) 
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Table C.2 continued 
Temperature (K) Rwp a (Å) c (Å) Volume (Å3) 
180.79 0.1627 5.2914(2) 13.9651(8) 338.62(2) 
177.73 0.1631 5.2901(2) 13.9665(8) 338.49(2) 
174.74 0.1634 5.2889(2) 13.9678(8) 338.36(2) 
171.26 0.1638 5.2875(2) 13.9694(8) 338.23(2) 
168.78 0.1640 5.2862(2) 13.9709(8) 338.10(2) 
166.01 0.1643 5.2851(2) 13.9722(8) 337.98(2) 
160.23 0.1647 5.2834(2) 13.9741(8) 337.82(2) 
157.17 0.1650 5.2823(2) 13.9755(8) 337.71(2) 
156.34 0.1652 5.2814(2) 13.9766(8) 337.62(2) 
152.39 0.1655 5.2802(2) 13.9780(8) 337.51(2) 
148.50 0.1656 5.2792(2) 13.9793(8) 337.40(2) 
145.93 0.1658 5.2782(2) 13.9806(8) 337.31(2) 
143.59 0.1662 5.2773(2) 13.9817(8) 337.22(2) 
141.28 0.1663 5.2763(2) 13.9829(8) 337.13(2) 
138.67 0.1665 5.2753(2) 13.9843(8) 337.02(2) 
136.26 0.1668 5.2743(2) 13.9856(8) 336.93(2) 
134.20 0.1669 5.2735(2) 13.9867(8) 336.85(2) 
136.01 0.1670 5.2734(2) 13.9867(8) 336.85(2) 
129.57 0.1674 5.2717(2) 13.9890(8) 336.68(2) 
128.77 0.1674 5.2712(2) 13.9897(8) 336.63(2) 
125.09 0.1677 5.2698(2) 13.9916(8) 336.50(2) 
122.67 0.1680 5.2689(2) 13.9928(8) 336.42(2) 
120.47 0.1681 5.2680(2) 13.9941(8) 336.33(2) 
118.19 0.1682 5.2672(2) 13.9953(8) 336.25(2) 
 
Table C.3: Unit cell volumes and lattice constants for cubic and rhombohedral MnNbF6 and 
NaCl as determined from Rietveld analyses of the high-pressure diffraction data. Pressures 
estimated using an equation of state and the unit cell volume of NaCl are also given. 
MnNbF6 

















8.0696(2) 525.48(5) 5.6319(3) 14.065(1) 386.34(3) 179.65(3) 0.03(5) 
8.0695(2) 525.47(5) 5.6318(3) 14.065(1) 386.33(3) 179.65(3) 0.03(6) 
8.0695(2) 525.47(5) 5.6317(3) 14.065(1) 386.32(3) 179.65(3) 0.03(6) 
8.0695(2) 525.47(5) 5.6317(3) 14.065(1) 386.32(3) 179.64(3) 0.03(5) 
8.0695(2) 525.45(5) 5.6316(3) 14.065(1) 386.31(3) 179.65(3) 0.03(6) 




Table C.3 continued 
MnNbF6 

















8.0694(2) 525.44(5) 5.6315(3) 14.065(1) 386.30(3) 179.65(3) 0.03(6) 
8.0693(2) 525.43(5) 5.6315(3) 14.065(1) 386.30(3) 179.65(3) 0.03(5) 
8.0693(2) 525.43(5) 5.6314(3) 14.066(1) 386.29(3) 179.65(3) 0.03(6) 
8.0694(2) 525.44(5) 5.6314(3) 14.065(1) 386.28(3) 179.65(3) 0.03(5) 
8.0694(2) 525.44(5) 5.6313(3) 14.065(1) 386.27(3) 179.65(3) 0.03(5) 
8.0695(2) 525.46(5) 5.6317(3) 14.065(1) 386.31(3) 179.64(3) 0.03(5) 
8.0696(2) 525.48(4) 5.6314(3) 14.063(1) 386.23(3) 179.64(3) 0.03(5) 
8.0695(2) 525.45(4) 5.6313(3) 14.064(1) 386.22(3) 179.65(3) 0.03(5) 
8.0694(2) 525.44(4) 5.6316(3) 14.063(1) 386.24(3) 179.67(3) 0.03(5) 
8.0696(2) 525.48(4) 5.6318(3) 14.061(1) 386.23(3) 179.68(3) 0.03(5) 
8.0693(2) 525.43(4) 5.6316(3) 14.063(1) 386.26(3) 179.70(3) 0.03(5) 
8.0693(2) 525.41(4) 5.6312(3) 14.064(1) 386.23(3) 179.71(3) 0.02(5) 
8.0690(2) 525.36(4) 5.6308(3) 14.065(1) 386.20(3) 179.72(3) 0.02(5) 
8.0691(2) 525.38(5) 5.6309(3) 14.065(1) 386.22(3) 179.69(3) 0.03(5) 
8.0690(2) 525.36(5) 5.6308(3) 14.066(1) 386.22(3) 179.70(3) 0.03(5) 
8.0691(2) 525.39(5) 5.6308(3) 14.065(1) 386.19(3) 179.70(3) 0.02(5) 
8.0690(2) 525.37(5) 5.6306(3) 14.065(1) 386.17(3) 179.72(3) 0.02(5) 
8.0690(2) 525.35(5) 5.6305(3) 14.066(1) 386.17(3) 179.74(3) 0.02(5) 
8.0690(2) 525.36(5) 5.6306(3) 14.065(1) 386.17(3) 179.76(3) 0.02(5) 
8.0691(3) 525.38(5) 5.6308(3) 14.064(1) 386.17(3) 179.75(3) 0.02(5) 
8.0692(3) 525.40(5) 5.6307(3) 14.064(1) 386.16(3) 179.77(3) 0.02(5) 
8.0686(3) 525.29(5) 5.6305(3) 14.065(1) 386.16(3) 179.77(2) 0.02(5) 
8.0688(3) 525.31(5) 5.6305(3) 14.066(1) 386.18(3) 179.81(2) 0.01(5) 
8.0684(3) 525.24(5) 5.6298(3) 14.068(1) 386.16(3) 179.84(2) 0.01(5) 
8.0687(3) 525.30(5) 5.6302(3) 14.065(1) 386.12(3) 179.85(2) 0.01(5) 
8.0685(3) 525.26(5) 5.6303(3) 14.065(1) 386.13(3) 179.86(2) 0.00(5) 
8.0686(3) 525.28(5) 5.6303(3) 14.065(1) 386.12(3) 179.88(2) 0.00(5) 
8.0657(4) 524.72(9) 5.6267(3) 14.069(1) 385.73(3) 179.89(2) 0.00(5) 
8.0250(7) 516.81(14) 5.6164(3) 14.084(1) 384.76(3) 179.73(2) 0.02(5) 
8.0127(6) 514.45(11) 5.6086(3) 14.088(1) 383.78(3) 179.62(2) 0.04(5) 
- - 5.5991(3) 14.072(1) 382.06(2) 179.20(2) 0.09(5) 
- - 5.5827(3) 14.086(1) 380.18(2) 178.93(2) 0.13(5) 
- - 5.5741(3) 14.093(1) 379.21(2) 178.80(2) 0.15(5) 
- - 5.5684(3) 14.098(1) 378.56(2) 178.71(2) 0.16(5) 
- - 5.5615(3) 14.103(1) 377.78(2) 178.63(2) 0.17(5) 
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MnNbF6 

















- - 5.5512(3) 14.111(1) 376.58(2) 178.51(2) 0.19(5) 
- - 5.5315(3) 14.126(1) 374.31(2) 178.27(2) 0.22(5) 
- - 5.5131(3) 14.143(1) 372.27(2) 178.04(2) 0.25(5) 
- - 5.4987(3) 14.156(1) 370.67(2) 177.84(2) 0.28(5) 
- - 5.4821(3) 14.168(1) 368.76(2) 177.62(2) 0.31(5) 
- - 5.4591(3) 14.184(1) 366.08(2) 177.30(2) 0.36(5) 
- - 5.4373(3) 14.203(2) 363.64(2) 177.02(2) 0.40(5) 
- - 5.4148(3) 14.222(2) 361.12(3) 176.71(2) 0.45(5) 
- - 5.3877(4) 14.245(2) 358.11(3) 176.30(2) 0.51(6) 
- - 5.3678(3) 14.264(2) 355.94(3) 176.00(2) 0.55(5) 
- - 5.3562(3) 14.275(2) 354.67(3) 175.81(2) 0.58(5) 
- - 5.3466(3) 14.284(2) 353.60(3) 175.65(2) 0.61(5) 
- - 5.3348(3) 14.294(2) 352.31(3) 175.44(2) 0.64(5) 
- - 5.3247(3) 14.303(2) 351.20(3) 175.25(2) 0.67(5) 
- - 5.3101(3) 14.316(2) 349.60(3) 174.97(2) 0.71(5) 
- - 5.2997(3) 14.326(2) 348.46(2) 174.76(2) 0.74(5) 
- - 5.2881(3) 14.336(2) 347.19(2) 174.52(2) 0.78(5) 
- - 5.2792(3) 14.344(2) 346.21(2) 174.32(2) 0.81(5) 
- - 5.2700(3) 14.352(2) 345.19(2) 174.12(2) 0.85(5) 
- - 5.2619(3) 14.358(2) 344.28(2) 173.93(2) 0.88(6) 
- - 5.2526(3) 14.366(2) 343.25(2) 173.70(2) 0.92(6) 
- - 5.2439(3) 14.374(2) 342.31(2) 173.48(2) 0.95(6) 
- - 5.2319(3) 14.385(2) 341.01(2) 173.17(2) 1.00(6) 
- - 5.2161(3) 14.398(2) 339.27(2) 172.74(2) 1.08(6) 
- - 5.2036(3) 14.408(2) 337.87(2) 172.37(2) 1.14(6) 
- - 5.1924(3) 14.417(1) 336.61(2) 172.04(2) 1.20(6) 
- - 5.1841(3) 14.423(1) 335.67(2) 171.77(2) 1.24(6) 
- - 5.1770(3) 14.428(1) 334.88(2) 171.54(2) 1.28(6) 
- - 5.1691(3) 14.433(1) 333.99(2) 171.28(2) 1.33(6) 
- - 5.1622(3) 14.438(1) 333.21(2) 171.04(2) 1.37(6) 
- - 5.1535(3) 14.445(1) 332.24(2) 170.73(2) 1.43(6) 
- - 5.1467(3) 14.450(1) 331.48(2) 170.48(2) 1.47(6) 
- - 5.1384(3) 14.456(1) 330.54(2) 170.15(2) 1.53(6) 
- - 5.1299(2) 14.462(1) 329.59(2) 169.81(2) 1.60(6) 
- - 5.1258(2) 14.464(1) 329.11(2) 169.65(2) 1.63(6) 
- - 5.1207(2) 14.467(1) 328.54(2) 169.46(2) 1.66(6) 
- - 5.1158(2) 14.471(1) 327.98(2) 169.26(2) 1.70(6) 
- - 5.1111(2) 14.474(1) 327.45(2) 169.09(1) 1.73(6) 
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- - 5.1041(2) 14.479(1) 326.66(2) 168.82(1) 1.79(6) 
- - 5.0999(2) 14.482(1) 326.20(2) 168.63(1) 1.82(6) 
- - 5.0962(2) 14.484(1) 325.78(2) 168.46(1) 1.85(6) 
- - 5.0926(2) 14.487(1) 325.37(2) 168.29(1) 1.89(6) 
- - 5.0874(2) 14.491(1) 324.80(2) 168.04(1) 1.94(6) 
- - 5.0828(2) 14.494(1) 324.27(2) 167.82(1) 1.98(6) 
- - 5.0789(2) 14.496(1) 323.83(2) 167.62(1) 2.02(6) 
- - 5.0745(2) 14.499(1) 323.33(2) 167.38(1) 2.07(6) 
- - 5.0690(2) 14.502(1) 322.72(2) 167.07(1) 2.13(6) 
- - 5.0642(2) 14.505(1) 322.17(2) 166.80(1) 2.19(6) 
- - 5.0595(3) 14.508(1) 321.63(2) 166.52(1) 2.25(6) 
- - 5.0533(3) 14.512(2) 320.92(2) 166.13(1) 2.33(6) 
- - 5.0484(3) 14.514(2) 320.35(2) 165.83(2) 2.39(7) 
- - 5.0432(3) 14.517(2) 319.75(2) 165.51(2) 2.46(7) 
- - 5.0375(3) 14.520(2) 319.09(2) 165.14(2) 2.54(7) 
- - 5.0324(3) 14.522(2) 318.50(2) 164.82(2) 2.61(7) 
- - 5.0289(3) 14.523(2) 318.09(2) 164.62(2) 2.66(7) 
- - 5.0249(3) 14.525(2) 317.62(3) 164.36(2) 2.71(7) 
- - 5.0200(3) 14.527(2) 317.04(3) 164.01(2) 2.79(7) 
- - 5.0159(3) 14.529(2) 316.56(3) 163.74(2) 2.86(7) 
- - 5.0110(3) 14.531(2) 315.98(3) 163.39(2) 2.94(7) 
- - 5.0072(3) 14.532(2) 315.52(3) 163.13(2) 3.00(8) 
- - 5.0037(3) 14.533(2) 315.11(3) 162.89(2) 3.05(8) 
- - 5.0000(3) 14.534(2) 314.66(3) 162.63(2) 3.11(8) 
- - 4.9967(4) 14.535(2) 314.28(3) 162.42(2) 3.17(8) 
- - 4.9918(4) 14.537(2) 313.70(3) 162.05(2) 3.25(8) 
- - 4.9863(4) 14.538(2) 313.03(3) 161.63(2) 3.36(8) 
- - 4.9820(4) 14.539(2) 312.51(3) 161.32(2) 3.43(8) 
- - 4.9765(4) 14.540(2) 311.85(3) 160.88(2) 3.54(8) 
- - 4.9724(4) 14.541(2) 311.35(3) 160.58(2) 3.62(8) 
- - 4.9669(4) 14.542(2) 310.68(3) 160.14(2) 3.73(8) 
- - 4.9617(4) 14.541(2) 310.02(3) 159.72(2) 3.84(9) 
- - 4.9585(4) 14.541(2) 309.60(3) 159.50(2) 3.90(9) 
- - 4.9554(4) 14.541(2) 309.22(3) 159.28(2) 3.96(9) 
- - 4.9516(4) 14.540(2) 308.73(3) 158.98(2) 4.04(9) 
- - 4.9483(4) 14.539(2) 308.31(3) 158.73(2) 4.10(9) 
- - 4.9446(4) 14.538(2) 307.83(3) 158.44(2) 4.18(9) 
- - 4.9401(4) 14.537(3) 307.23(3) 158.06(2) 4.29(9) 
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- - 4.9361(4) 14.535(3) 306.70(3) 157.73(2) 4.38(9) 
- - 4.9325(4) 14.534(3) 306.22(4) 157.45(2) 4.46(9) 
- - 4.9290(4) 14.532(3) 305.75(4) 157.16(2) 4.54(9) 
- - 4.9252(4) 14.530(3) 305.24(4) 156.83(2) 4.63(9) 
- - 4.9202(5) 14.528(3) 304.58(4) 156.37(2) 4.77(10) 
- - 4.9158(5) 14.525(3) 303.98(4) 156.00(2) 4.88(10) 
- - 4.9125(5) 14.523(3) 303.51(4) 155.72(2) 4.96(10) 
- - 4.9091(5) 14.521(3) 303.05(4) 155.43(2) 5.05(10) 
- - 4.9059(5) 14.519(3) 302.61(4) 155.14(2) 5.13(10) 
- - 4.9022(6) 14.517(3) 302.12(4) 154.77(2) 5.25(10) 
- - 4.8990(6) 14.514(4) 301.67(5) 154.46(2) 5.34(11) 
- - 4.8963(6) 14.513(4) 301.31(5) 154.20(2) 5.42(11) 
- - 4.8936(7) 14.512(4) 300.95(5) 153.93(2) 5.51(11) 
- - 4.8904(7) 14.510(4) 300.54(6) 153.57(2) 5.62(11) 
- - 4.8882(8) 14.508(5) 300.22(6) 153.33(2) 5.70(11) 
- - 4.8853(8) 14.507(5) 299.84(7) 152.97(2) 5.82(11) 
- - 4.8824(9) 14.505(6) 299.44(7) 152.57(3) 5.95(12) 
- - 4.8796(9) 14.503(6) 299.06(8) 152.21(3) 6.07(12) 
 
Table C.4: Unit cell volumes for rhombohedral ZnNbF6 and NaCl as determined from 
Rietveld analyses of the high-pressure diffraction data. Pressures estimated from the unit cell 











5.1896(3) 14.009(1) 326.74(2) 175.35(2) 0.00(5) 
5.1894(3) 14.009(1) 326.72(2) 175.34(2) 0.00(5) 
5.1892(3) 14.009(1) 326.70(2) 175.32 0.00(5) 
5.1878(3) 14.011(1) 326.56(2) 175.25 0.01(5) 
5.1835(3) 14.014(1) 326.08(2) 175.10 0.04(5) 
5.1794(3) 14.016(1) 325.61(2) 174.96 0.05(5) 
5.1751(3) 14.018(1) 325.14(2) 174.80 0.08(5) 
5.1715(3) 14.021(1) 324.73(2) 174.66(2) 0.10(5) 
5.1658(3) 14.024(1) 324.10(2) 174.42(2) 0.13(5) 
5.1612(3) 14.027(1) 323.59(2) 174.23(2) 0.16(5) 















5.1487(3) 14.035(1) 322.19(2) 173.76(2) 0.22(5) 
5.1426(3) 14.038(1) 321.51(2) 173.53(2) 0.26(5) 
5.1371(3) 14.040(2) 320.88(2) 173.31(2) 0.29(5) 
5.1331(3) 14.042(1) 320.42(2) 173.15(2) 0.31(5) 
5.1280(3) 14.045(2) 319.86(2) 172.95(2) 0.34(5) 
5.1207(3) 14.050(2) 319.05(2) 172.65(2) 0.39(5) 
5.1178(3) 14.053(2) 318.75(2) 172.53(2) 0.40(5) 
5.1138(3) 14.055(1) 318.31(2) 172.37(2) 0.43(5) 
5.1104(3) 14.057(1) 317.93(2) 172.25(2) 0.45(5) 
5.1070(3) 14.059(1) 317.54(2) 172.11(2) 0.47(5) 
5.1042(3) 14.060(1) 317.24(2) 171.99(2) 0.49(5) 
5.1012(3) 14.063(1) 316.92(2) 171.86(2) 0.51(5) 
5.0980(3) 14.066(1) 316.59(2) 171.69(2) 0.53(5) 
5.0956(3) 14.067(1) 316.32(2) 171.57 0.55(5) 
5.0931(3) 14.068(1) 316.04(2) 171.45(2) 0.57(5) 
5.0886(3) 14.071(1) 315.53(2) 171.24(2) 0.60(5) 
5.0852(3) 14.072(1) 315.14(2) 171.10(2) 0.63(5) 
5.0832(3) 14.073(2) 314.91(2) 171.03(2) 0.64(5) 
5.0804(3) 14.075(2) 314.60(2) 170.88(2) 0.66(5) 
5.0765(3) 14.077(2) 314.18(2) 170.66(2) 0.69(5) 
5.0731(3) 14.079(2) 313.80(2) 170.49(2) 0.72(5) 
5.0686(3) 14.080(2) 313.26(2) 170.26(2) 0.76(5) 
5.0638(3) 14.083(2) 312.73(2) 170.03(2) 0.80(5) 
5.0605(3) 14.084(2) 312.35(2) 169.87(2) 0.82(6) 
5.0576(3) 14.086(2) 312.04(2) 169.73(2) 0.85(5) 
5.0543(3) 14.088(2) 311.67(2) 169.58(2) 0.87(5) 
5.0529(3) 14.088(2) 311.51(2) 169.52(2) 0.88(5) 
5.0509(3) 14.090(2) 311.29(2) 169.43(2) 0.90(5) 
5.0475(3) 14.092(2) 310.93(2) 169.28(2) 0.92(5) 
5.0445(3) 14.094(2) 310.59(2) 169.14(2) 0.95(5) 
5.0423(3) 14.095(2) 310.36(2) 169.04(2) 0.96(5) 
5.0392(3) 14.098(2) 310.03(2) 168.90(2) 0.99(5) 
5.0357(3) 14.100(2) 309.65(2) 168.73(2) 1.02(6) 
5.0334(3) 14.101(2) 309.39(2) 168.61(2) 1.04(6) 
5.0317(3) 14.102(2) 309.21(2) 168.53(2) 1.05(6) 
5.0284(3) 14.104(2) 308.85(2) 168.37(2) 1.08(6) 
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5.0254(3) 14.106(2) 308.52(2) 168.21(2) 1.10(6) 
5.0236(3) 14.107(2) 308.31(2) 168.11(2) 1.12(6) 
5.0216(3) 14.108(2) 308.08(2) 168.00(2) 1.14(6) 
5.0200(3) 14.108(2) 307.90(2) 167.91(2) 1.16(6) 
5.0188(3) 14.108(2) 307.76(2) 167.84(2) 1.17(6) 
5.0176(3) 14.109(2) 307.61(2) 167.77(2) 1.18(6) 
5.0162(3) 14.109(2) 307.46(2) 167.70(2) 1.20(6) 
5.0151(3) 14.108(2) 307.28(2) 167.60(2) 1.21(6) 
5.0133(3) 14.108(2) 307.08(2) 167.50(2) 1.23(6) 
5.0122(3) 14.109(2) 306.95(2) 167.43(2) 1.24(6) 
5.0108(3) 14.109(2) 306.80(2) 167.36(2) 1.26(6) 
5.0085(3) 14.110(2) 306.54(2) 167.22(2) 1.28(6) 
5.0064(3) 14.111(2) 306.29(2) 167.09(2) 1.31(6) 
5.0054(3) 14.111(2) 306.18(2) 167.03(2) 1.32(6) 
5.0042(3) 14.112(2) 306.04(2) 166.97(2) 1.33(6) 
5.0028(3) 14.113(2) 305.88(2) 166.89(2) 1.34(6) 
5.0011(3) 14.113(2) 305.69(2) 166.79(2) 1.36(6) 
4.9998(3) 14.113(2) 305.53(2) 166.71(2) 1.37(6) 
4.9983(3) 14.114(2) 305.36(2) 166.62(2) 1.39(6) 
4.9971(3) 14.114(2) 305.22(2) 166.54(2) 1.41(6) 
4.9960(3) 14.114(2) 305.08(2) 166.47(2) 1.42(6) 
4.9949(3) 14.114(2) 304.96(2) 166.41(2) 1.43(6) 
4.9936(3) 14.115(2) 304.81(2) 166.33(2) 1.44(6) 
4.9917(3) 14.115(2) 304.59(2) 166.22(2) 1.47(6) 
4.9901(3) 14.116(2) 304.40(2) 166.12(2) 1.48(6) 
4.9886(3) 14.116(2) 304.23(2) 166.03(2) 1.50(6) 
4.9871(3) 14.117(2) 304.05(2) 165.94(2) 1.52(6) 
4.9855(3) 14.117(2) 303.88(2) 165.85(2) 1.54(6) 
4.9841(3) 14.117(2) 303.70(2) 165.76(2) 1.55(6) 
4.9823(3) 14.118(2) 303.49(2) 165.64(2) 1.57(6) 
4.9801(3) 14.118(2) 303.25(2) 165.51(2) 1.60(6) 
4.9787(3) 14.119(2) 303.07(2) 165.42(2) 1.62(6) 
4.9773(3) 14.119(2) 302.92(2) 165.35(2) 1.63(6) 
4.9758(3) 14.120(2) 302.75(2) 165.25(2) 1.65(6) 
4.9744(3) 14.120(2) 302.58(2) 165.17(2) 1.67(6) 
4.9730(3) 14.120(2) 302.42(2) 165.08(2) 1.68(6) 
4.9716(3) 14.120(2) 302.25(2) 164.98(2) 1.70(6) 
4.9697(3) 14.121(2) 302.02(2) 164.85(2) 1.73(6) 
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4.9678(3) 14.121(2) 301.79(2) 164.72(2) 1.75(6) 
4.9666(3) 14.120(2) 301.65(2) 164.64(2) 1.77(7) 
4.9659(3) 14.120(2) 301.55(2) 164.58(2) 1.78(7) 
4.9649(3) 14.120(2) 301.44(2) 164.53(2) 1.79(7) 
4.9638(3) 14.121(2) 301.31(2) 164.46(2) 1.81(7) 
4.9622(3) 14.121(2) 301.13(2) 164.36(2) 1.83(7) 
4.9602(3) 14.122(2) 300.89(2) 164.22(2) 1.85(7) 
4.9585(3) 14.122(2) 300.70(2) 164.10(3) 1.88(7) 
4.9573(3) 14.124(2) 300.58(2) 164.04(2) 1.89(7) 
4.9561(3) 14.124(2) 300.45(2) 163.97(2) 1.90(7) 
4.9549(3) 14.124(2) 300.31(2) 163.89(2) 1.92(7) 
4.9536(3) 14.124(2) 300.15(2) 163.79(2) 1.94(7) 
4.9524(3) 14.124(2) 300.01(2) 163.70(2) 1.96(7) 
4.9515(3) 14.124(2) 299.90(2) 163.63(3) 1.97(7) 
4.9504(3) 14.125(2) 299.77(2) 163.56(3) 1.99(7) 
4.9489(3) 14.124(2) 299.58(2) 163.45(3) 2.01(7) 
4.9472(3) 14.124(2) 299.37(2) 163.32(3) 2.04(7) 
4.9450(3) 14.124(2) 299.11(2) 163.15(3) 2.07(7) 
4.9422(3) 14.124(2) 298.77(2) 162.93(3) 2.12(7) 
4.9404(3) 14.124(2) 298.54(2) 162.77(3) 2.15(7) 
4.9392(3) 14.124(2) 298.40(2) 162.68(3) 2.17(7) 
4.9377(3) 14.124(2) 298.21(2) 162.57(3) 2.19(7) 
4.9364(3) 14.124(2) 298.06(2) 162.47(3) 2.21(7) 
4.9347(3) 14.124(2) 297.85(2) 162.34(3) 2.24(7) 
4.9329(3) 14.124(2) 297.63(2) 162.20(3) 2.27(8) 
4.9312(3) 14.124(2) 297.43(2) 162.06(3) 2.30(8) 
4.9302(3) 14.123(2) 297.30(2) 161.98(3) 2.32(8) 
4.9291(3) 14.123(2) 297.17(2) 161.90(3) 2.34(8) 
4.9268(3) 14.123(2) 296.88(2) 161.71(3) 2.38(8) 
4.9248(3) 14.122(2) 296.62(2) 161.53(3) 2.42(8) 
4.9235(3) 14.121(2) 296.45(2) 161.41(3) 2.44(8) 
4.9223(3) 14.121(2) 296.30(2) 161.31(3) 2.47(8) 
4.9215(3) 14.121(2) 296.20(2) 161.24(3) 2.48(8) 
4.9201(3) 14.121(2) 296.04(2) 161.14(3) 2.50(8) 
4.9191(3) 14.120(2) 295.90(2) 161.05(3) 2.52(8) 
4.9180(3) 14.120(2) 295.76(2) 160.96(3) 2.54(8) 
4.9166(3) 14.120(2) 295.59(2) 160.85(3) 2.57(8) 
4.9144(3) 14.118(2) 295.29(2) 160.64(3) 2.62(8) 
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4.9129(3) 14.118(2) 295.10(2) 160.50(3) 2.65(9) 
4.9118(3) 14.117(2) 294.96(2) 160.41(3) 2.67(9) 
4.9103(4) 14.117(2) 294.77(2) 160.28(3) 2.70(9) 
4.9080(4) 14.116(2) 294.47(3) 160.05(3) 2.75(9) 
4.9062(4) 14.115(2) 294.25(3) 159.88(3) 2.79(9) 
4.9047(4) 14.115(3) 294.06(3) 159.75(3) 2.82(9) 
4.9033(4) 14.115(2) 293.89(3) 159.65(3) 2.85(9) 
4.9018(4) 14.114(3) 293.70(3) 159.52(3) 2.88(9) 
4.9003(4) 14.114(3) 293.51(3) 159.38(3) 2.91(9) 
4.8990(4) 14.114(3) 293.34(3) 159.27(3) 2.94(9) 
4.8974(4) 14.113(3) 293.15(3) 159.13(3) 2.97(9) 
4.8954(4) 14.113(3) 292.91(3) 158.93(3) 3.02(9) 
4.8935(4) 14.112(3) 292.67(3) 158.75(3) 3.06(9) 
4.8921(4) 14.112(3) 292.47(3) 158.61(3) 3.09(9) 
4.8909(4) 14.111(3) 292.33(3) 158.51(3) 3.12(9) 
4.8900(4) 14.110(3) 292.20(3) 158.43(3) 3.14(9) 
4.8888(4) 14.110(3) 292.06(3) 158.33(3) 3.16(9) 
4.8878(4) 14.110(3) 291.93(3) 158.25(3) 3.18(9) 
4.8870(4) 14.110(3) 291.82(3) 158.18(3) 3.20(9) 
4.8857(4) 14.110(3) 291.67(3) 158.08(3) 3.22(9) 
4.8843(4) 14.110(3) 291.51(3) 157.97(3) 3.25(9) 
4.8831(4) 14.110(3) 291.36(3) 157.85(3) 3.28(9) 
4.8817(4) 14.110(3) 291.20(3) 157.74(3) 3.31(9) 
4.8802(4) 14.110(3) 291.02(3) 157.60(3) 3.34(9) 
4.8775(4) 14.111(3) 290.72(3) 157.35(3) 3.41(9) 
4.8759(4) 14.110(3) 290.51(3) 157.21(3) 3.44(10) 
4.8748(4) 14.110(3) 290.38(3) 157.11(3) 3.47(9) 
4.8737(4) 14.110(3) 290.26(3) 157.03(3) 3.49(9) 
4.8724(4) 14.110(3) 290.10(3) 156.92(3) 3.52(9) 
4.8712(4) 14.110(3) 289.96(3) 156.81(3) 3.54(9) 
4.8699(4) 14.110(3) 289.81(3) 156.70(3) 3.57(9) 
4.8681(4) 14.111(3) 289.61(3) 156.55(3) 3.61(9) 
4.8668(4) 14.111(3) 289.45(3) 156.43(2) 3.65(8) 
4.8656(5) 14.111(3) 289.31(3) 156.32(3) 3.67(9) 
4.8645(5) 14.111(3) 289.17(3) 156.23(3) 3.70(9) 
4.8633(5) 14.111(3) 289.04(3) 156.12(3) 3.72(9) 
4.8619(5) 14.112(3) 288.89(3) 156.01(3) 3.76(9) 
4.8603(5) 14.112(4) 288.70(3) 155.85(3) 3.80(9) 
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4.8593(5) 14.112(4) 288.58(3) 155.77(3) 3.82(9) 
4.8580(5) 14.115(4) 288.49(3) 155.70(2) 3.84(9) 
4.8571(5) 14.115(4) 288.37(3) 155.62(3) 3.86(9) 
4.8558(5) 14.116(4) 288.24(3) 155.52(2) 3.89(9) 
4.8546(5) 14.116(4) 288.09(3) 155.40(2) 3.92(9) 
4.8536(5) 14.115(4) 287.97(3) 155.31(2) 3.94(9) 
4.8525(5) 14.116(4) 287.86(3) 155.23(2) 3.96(9) 
4.8514(5) 14.116(4) 287.72(3) 155.12(2) 3.99(9) 
4.8503(5) 14.116(4) 287.60(3) 155.02(2) 4.02(9) 
4.8495(5) 14.116(4) 287.50(3) 154.96(2) 4.04(9) 
4.8489(5) 14.116(4) 287.43(3) 154.90(2) 4.05(9) 
4.8485(5) 14.115(4) 287.36(3) 154.86(2) 4.07(8) 
4.8484(5) 14.114(3) 287.33(3) 154.85(2) 4.07(8) 
 
Table C.5: Crystallographic parameters for MnNbF6 at 111 K derived from the Rietveld 
analysis of the synchrotron diffraction data (see Figure C.1). 
Chemical Formula MnNbF6 
Space group R3̅ 
a (Å) 5.4675(4) 
c (Å) 14.274(2) 
λ (Å) 0.72950 
 ( cm-1) 1.53 




 x y z Uiso (Å2) 
Mn 0 0 0 0.023(3) 








Table C.6: Crystallographic parameters for MnNbF6 at 500 K derived from the Rietveld 
analysis of the synchrotron diffraction data (see Figure C.3). 
Chemical Formula MnNbF6 
Space group Fm3̅m 
a (Å) 8.0816(1) 
λ (Å) 0.72950 
 (cm-1) 1.53 




 x y z Uiso/Ueqv (Å2) U11 (Å2) U22 (Å2) U33 (Å2) 










 0.0333(6) - - - 
F 0.2542(4) 0 0 0.0585 0.025(3) 0.075(2) 0.075(2) 
 
Table C.7: Crystallographic parameters for ZnNbF6 at 300 K derived from the Rietveld 
analysis of the synchrotron diffraction data (see Figure C.4). 
Chemical Formula ZnNbF6 
Space group R3̅ 
a (Å) 5.33023(8) 
c (Å) 13.9307(4) 
λ (Å) 0.72950 
 ( cm-1) 2.28 













Zn 0 0 0 0.010(1) - - - 
Nb 0 0 
1
2
 0.034(2) - - - 




Table C.8: Crystallographic parameters for MnNbF6 at room temperature and 1.0 GPa 
derived from the Rietveld analysis of the high-pressure synchrotron diffraction data collected 
in a DAC (see Figure C.6). 
Chemical Formula MnNbF6 
Space group R3̅ 
a (Å) 5.2319(3) 
c (Å) 14.385(2) 
λ (Å) 0.72768 




 x y z Uiso (Å2) 
Mn 0 0 0 -0.014(4) 




F 0.067(1) 0.348(2) 0.0856(6) 0.024(3) 
 
Table C.9: Crystallographic parameters for ZnNbF6 at room temperature and nominally 
zero pressure derived from the Rietveld analysis of the high-pressure synchrotron diffraction 
data collected in a DAC (see Figure C.7). 
Chemical Formula ZnNbF6 
Space group R3̅ 
a (Å) 5.1895(3) 
c (Å) 14.009(1) 
λ (Å) 0.72768 




 x y z Uiso (Å2) 
Zn 0 0 0 0.006(6) 








APPENDIX D. SUPPLEMENTARY MATERIAL FOR CHAPTER 5 
D.1 Figures 
 
Figure D.1: Rietveld plot showing a fit of a CaZr0.75Nb0.25F6.25 cubic Fm?̅?m model to the 300 
K cooling synchrotron diffraction data. The section of Q has been scaled to show detail but 
shifted downwards so that the backgrounds for the sections of the plot appear to be the same. 
 
 
Figure D.2: Rietveld plot showing a fit of a CaZr0.5Nb0.5F6.5 cubic Fm?̅?m model to the 300 K 
cooling synchrotron diffraction data. The section of Q has been scaled to show detail but 





Figure D.3: Pair distribution functions derived from the x-ray total scattering data for 
Ca[Zr(IV)1-xNb(V)x]F6+x with a Qmax of 20 Å-1. 
 
 
Figure D.4: Rietveld plot showing a fit of a CaZr0.75Nb0.25F6.25 cubic Fm?̅?m model to the 0 
GPa powder x-ray diffraction data obtained in a diamond anvil cell. The section of Q has 
been scaled to show detail but shifted downwards so that the backgrounds for the sections of 





Figure D.5: Select high-pressure diffraction patterns of CaZr0.75Nb0.25F6.25 showing phase 




Figure D.6: Rietveld plot showing a fit of a CaZr0.5Nb0.5F6.5 cubic Fm?̅?m model to the 0.1 GPa 
powder x-ray diffraction data obtained in a diamond anvil cell. The section of Q has been 
scaled to show detail but shifted downwards so that the backgrounds for the sections of the 





Figure D.7: Rietveld plot showing a fit of a CaZr0.5Nb0.5F6.5 cubic R?̅? model to the 1.0 GPa 
powder x-ray diffraction data obtained in a diamond anvil cell. The section of Q has been 
scaled to show detail but shifted downwards so that the backgrounds for the sections of the 
plot appear to be the same. 
 
 
Figure D.8: Select high-pressure diffraction patterns of CaZr0.5Nb0.5F6.5 showing phase 






Figure D.9: Pressure dependence of the lattice constants for both the cubic and rhombohedral 
phase of CaZr0.5Nb0.5F6.5. The lattice constants of the rhombohedral phase have been scaled 
so that they can be compared to the that of the cubic phase. 
 
 
Figure D.10: Lattice constants for high-pressure rhombohedral phase of CaZr0.5Nb0.5F6.5 
showing anisotropic compressibility between a/b and c-axes and negative linear 





Figure D.11: Pressure dependence of ln(V) and the bulk modulus for rhombohedral 
CaZr0.5Nb0.5F6.5. A five-term polynomial (purple dotted line) was fit to the ln(V) data and used 
to calculate bulk moduli. 
 
 
Figure D.12: Rietveld plot showing a fit of a CaZr0.25Nb0.75F6.75 cubic R?̅? model to the 1.1 GPa 
powder x-ray diffraction data obtained in a diamond anvil cell. The section of Q has been 
scaled to show detail but shifted downwards so that the backgrounds for the sections of the 





Figure D.13: Select high-pressure diffraction patterns of CaZr0.25Nb0.75F6.75 showing phase 
transition, with peaks from NaCl internal pressure standard marked with *. 
 
 
Figure D.14: Pressure dependence of the lattice constants for both the cubic and 
rhombohedral phase of CaZr0.25Nb0.75F6.75. The lattice constants of the rhombohedral phase 





Figure D.15: Lattice constants for high-pressure rhombohedral phase of CaZr0.25Nb0.75F6.75 
showing anisotropic compressibility between a/b and c-axes and negative linear 
compressibility parallel to c-axis. Note slight differences in scaling of the two y-axes. 
 
 
Figure D.16: Pressure dependence of ln(V) and the bulk modulus for rhombohedral 
CaZr0.25Nb0.75F6.75. A two-term polynomial (purple dotted line) was fit to the ln(V) data and 







Table D.1: Lattice constant and unit cell volume for cubic CaZr0.75Nb0.25F6.25 as determined 
from Rietveld analyses of the variable temperature x-ray diffraction data. 
Temperature (K) Rwp a (Å) Volume (Å3) 
111.46 0.1086 8.45316(8) 604.03(2) 
114.12 0.1086 8.45257(8) 603.90(2) 
116.07 0.1086 8.45203(8) 603.79(2) 
118.65 0.1086 8.45150(8) 603.67(2) 
121.37 0.1086 8.45097(8) 603.56(2) 
124.19 0.1086 8.45044(8) 603.45(2) 
127.46 0.1087 8.44995(8) 603.34(2) 
131.11 0.1087 8.44947(8) 603.24(2) 
133.81 0.1087 8.44901(8) 603.14(2) 
136.62 0.1087 8.44856(8) 603.04(2) 
139.47 0.1088 8.44813(8) 602.95(2) 
142.26 0.1087 8.44770(8) 602.86(2) 
144.97 0.1087 8.44728(8) 602.77(2) 
147.61 0.1086 8.44686(8) 602.68(2) 
150.20 0.1086 8.44645(8) 602.59(2) 
152.81 0.1086 8.44604(8) 602.50(2) 
155.51 0.1086 8.44565(8) 602.42(2) 
158.33 0.1085 8.44527(8) 602.34(2) 
161.25 0.1085 8.44490(8) 602.26(2) 
164.16 0.1086 8.44455(8) 602.19(2) 
167.27 0.1087 8.44419(8) 602.11(2) 
170.10 0.1087 8.44384(8) 602.03(2) 
172.94 0.1087 8.44350(8) 601.96(2) 
175.79 0.1087 8.44318(8) 601.89(2) 
178.66 0.1087 8.44288(8) 601.83(2) 
181.54 0.1087 8.44258(8) 601.76(2) 
184.42 0.1088 8.44228(8) 601.70(2) 
187.29 0.1088 8.44199(8) 601.64(2) 
190.16 0.1089 8.44172(8) 601.58(2) 
193.02 0.1088 8.44144(8) 601.52(2) 
195.89 0.1088 8.44117(8) 601.46(2) 
198.78 0.1088 8.44090(8) 601.40(2) 
201.71 0.1089 8.44062(8) 601.34(2) 
204.68 0.1089 8.44032(8) 601.28(2) 
207.68 0.1089 8.44002(8) 601.22(2) 




Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
213.63 0.1089 8.43944(8) 601.09(2) 
216.41 0.1089 8.43917(8) 601.03(2) 
219.55 0.1089 8.43888(8) 600.97(2) 
222.45 0.1089 8.43859(8) 600.91(2) 
225.35 0.1089 8.43830(8) 600.85(2) 
228.45 0.1088 8.43800(8) 600.78(2) 
231.45 0.1088 8.43770(8) 600.72(2) 
234.35 0.1088 8.43741(8) 600.66(2) 
237.25 0.1088 8.43712(8) 600.6(2) 
240.25 0.1088 8.43680(8) 600.53(2) 
243.35 0.1088 8.43652(8) 600.47(2) 
246.35 0.1087 8.43624(8) 600.41(2) 
249.25 0.1087 8.43596(8) 600.35(2) 
252.25 0.1087 8.43569(8) 600.29(2) 
256.05 0.1087 8.43544(8) 600.24(2) 
258.45 0.1087 8.43539(8) 600.23(2) 
261.65 0.1087 8.43496(8) 600.14(2) 
264.35 0.1087 8.43486(8) 600.11(2) 
266.95 0.1087 8.43485(8) 600.11(2) 
270.05 0.1087 8.43467(8) 600.07(2) 
273.35 0.1087 8.43441(8) 600.02(2) 
275.87 0.1086 8.43379(8) 599.89(2) 
278.87 0.1086 8.43369(8) 599.87(2) 
282.35 0.1087 8.43364(8) 599.85(2) 
284.86 0.1087 8.43337(8) 599.80(2) 
287.63 0.1087 8.43312(8) 599.74(2) 
291.35 0.1087 8.43301(8) 599.72(2) 
293.93 0.1086 8.43268(8) 599.65(2) 
296.73 0.1085 8.43253(8) 599.62(2) 
300.45 0.1086 8.43257(8) 599.63(2) 
302.86 0.1085 8.43228(8) 599.56(2) 
306.04 0.1085 8.43225(8) 599.56(2) 
309.67 0.1085 8.43211(8) 599.53(2) 
312.65 0.1085 8.43194(8) 599.49(2) 
316.76 0.1085 8.43171(8) 599.44(2) 
319.25 0.1086 8.43177(8) 599.45(2) 
322.07 0.1086 8.43157(8) 599.41(2) 
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Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
325.59 0.1087 8.43144(8) 599.39(2) 
328.41 0.1087 8.43150(8) 599.40(2) 
331.44 0.1088 8.43143(8) 599.38(2) 
334.87 0.1092 8.43149(8) 599.39(2) 
338.13 0.1093 8.43137(8) 599.37(2) 
341.74 0.1095 8.43136(8) 599.37(2) 
344.89 0.1095 8.43138(8) 599.37(2) 
348.59 0.1096 8.43136(8) 599.37(2) 
351.82 0.1097 8.43140(8) 599.38(2) 
355.17 0.1097 8.43138(8) 599.37(2) 
358.88 0.1098 8.43133(8) 599.36(2) 
362.08 0.1099 8.43132(8) 599.36(2) 
365.71 0.1100 8.43128(8) 599.35(2) 
369.18 0.1101 8.43127(8) 599.35(2) 
372.72 0.1101 8.43124(8) 599.34(2) 
376.52 0.1102 8.43121(8) 599.33(2) 
380.09 0.1102 8.43119(8) 599.33(2) 
383.25 0.1102 8.43120(8) 599.33(2) 
386.01 0.1104 8.43121(8) 599.34(2) 
389.13 0.1104 8.43123(8) 599.34(2) 
392.39 0.1103 8.43119(8) 599.33(2) 
395.10 0.1103 8.43121(8) 599.34(2) 
398.24 0.1103 8.43117(8) 599.33(2) 
401.56 0.1103 8.43112(8) 599.32(2) 
404.97 0.1103 8.43110(8) 599.31(2) 
408.32 0.1104 8.43106(8) 599.30(2) 
411.63 0.1104 8.43100(8) 599.29(2) 
414.72 0.1104 8.43093(8) 599.28(2) 
419.40 0.1104 8.43087(8) 599.26(2) 
422.55 0.1104 8.43079(8) 599.25(2) 
425.65 0.1104 8.43073(8) 599.23(2) 
429.05 0.1105 8.43062(8) 599.21(2) 
431.85 0.1104 8.43053(8) 599.19(2) 
434.85 0.1104 8.43044(8) 599.17(2) 
437.26 0.1105 8.43033(8) 599.15(2) 
439.99 0.1105 8.43020(8) 599.12(2) 
442.66 0.1105 8.43007(8) 599.09(2) 
445.52 0.1105 8.42994(8) 599.07(2) 
448.27 0.1106 8.42984(8) 599.04(2) 
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Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
450.98 0.1106 8.42970(8) 599.01(2) 
453.65 0.1106 8.42957(8) 598.99(2) 
456.29 0.1106 8.42939(9) 598.95(2) 
458.80 0.1107 8.42926(9) 598.92(2) 
461.37 0.1107 8.42908(9) 598.88(2) 
464.01 0.1107 8.42893(9) 598.85(2) 
466.46 0.1107 8.42876(9) 598.81(2) 
469.06 0.1107 8.42861(9) 598.78(2) 
471.49 0.1108 8.42847(9) 598.75(2) 
473.99 0.1109 8.42830(9) 598.71(2) 
476.55 0.1108 8.42812(9) 598.68(2) 
479.09 0.1108 8.42796(9) 598.64(2) 
481.44 0.1109 8.42778(9) 598.61(2) 
483.75 0.1108 8.42763(9) 598.57(2) 
486.10 0.1167 8.42744(9) 598.53(2) 
488.48 0.1110 8.42732(9) 598.51(2) 
490.72 0.1110 8.42714(9) 598.47(2) 
492.85 0.1110 8.42699(9) 598.44(2) 
495.09 0.1109 8.42688(9) 598.41(2) 
497.18 0.1109 8.42675(9) 598.38(2) 
499.37 0.1109 8.42657(9) 598.35(2) 
501.73 0.1109 8.42637(9) 598.30(2) 
502.87 0.1109 8.42634(9) 598.30(2) 
501.76 0.1110 8.42649(9) 598.33(2) 
500.16 0.1110 8.42668(9) 598.37(2) 
498.56 0.1110 8.42682(9) 598.40(2) 
496.65 0.1110 8.42698(9) 598.43(2) 
494.66 0.1110 8.42714(9) 598.47(2) 
492.72 0.1111 8.42730(9) 598.50(2) 
490.64 0.1110 8.42749(9) 598.54(2) 
488.47 0.1109 8.42763(9) 598.57(2) 
486.18 0.1109 8.42781(9) 598.61(2) 
483.77 0.1109 8.42801(9) 598.65(2) 
481.25 0.1109 8.42818(9) 598.69(2) 
478.63 0.1108 8.42837(9) 598.73(2) 
475.96 0.1108 8.42856(9) 598.77(2) 
473.25 0.1108 8.42875(9) 598.81(2) 
470.54 0.1109 8.42897(9) 598.86(2) 
467.92 0.1109 8.42914(9) 598.89(2) 
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Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
465.20 0.1108 8.42932(9) 598.93(2) 
461.85 0.1108 8.42951(9) 598.97(2) 
459.11 0.1109 8.42971(9) 599.02(2) 
455.75 0.1108 8.42989(8) 599.05(2) 
452.93 0.1108 8.43009(8) 599.10(2) 
450.25 0.1108 8.43027(8) 599.14(2) 
447.73 0.1108 8.43048(8) 599.18(2) 
444.38 0.1107 8.43068(8) 599.22(2) 
441.44 0.1107 8.43088(8) 599.26(2) 
438.59 0.1107 8.43107(8) 599.31(2) 
435.78 0.1107 8.43127(8) 599.35(2) 
432.70 0.1107 8.43146(8) 599.39(2) 
429.76 0.1107 8.43168(8) 599.44(2) 
426.67 0.1107 8.43191(8) 599.48(2) 
423.56 0.1108 8.43210(8) 599.53(2) 
420.45 0.1108 8.43232(8) 599.57(2) 
417.25 0.1108 8.43252(8) 599.61(2) 
414.26 0.1107 8.43273(8) 599.66(2) 
411.07 0.1107 8.43291(8) 599.70(2) 
408.07 0.1107 8.43314(8) 599.75(2) 
404.94 0.1108 8.43337(8) 599.80(2) 
401.56 0.1107 8.43358(8) 599.84(2) 
398.60 0.1108 8.43382(8) 599.89(2) 
395.56 0.1110 8.43405(8) 599.94(2) 
392.60 0.1108 8.43423(8) 599.98(2) 
389.99 0.1106 8.43438(8) 600.01(2) 
387.10 0.1105 8.43457(8) 600.05(2) 
384.21 0.1106 8.43482(8) 600.11(2) 
381.08 0.1106 8.43509(8) 600.16(2) 
377.56 0.1106 8.43536(8) 600.22(2) 
374.29 0.1106 8.43551(8) 600.25(2) 
370.67 0.1107 8.43577(8) 600.31(2) 
367.21 0.1107 8.43604(8) 600.37(2) 
363.58 0.1107 8.43630(8) 600.42(2) 
360.67 0.1106 8.43658(8) 600.48(2) 
357.24 0.1106 8.43683(8) 600.53(2) 
353.59 0.1106 8.43721(8) 600.62(2) 
350.61 0.1106 8.43721(8) 600.62(2) 
347.50 0.1106 8.43745(8) 600.67(2) 
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Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
343.59 0.1106 8.43794(8) 600.77(2) 
340.57 0.1107 8.43798(8) 600.78(2) 
337.34 0.1107 8.43820(8) 600.83(2) 
333.49 0.1107 8.43874(8) 600.94(2) 
330.47 0.1107 8.43890(8) 600.98(2) 
327.70 0.1108 8.43916(8) 601.03(2) 
324.24 0.1109 8.43964(8) 601.13(2) 
320.74 0.1110 8.44012(8) 601.24(2) 
315.72 0.1110 8.44038(8) 601.29(2) 
312.79 0.1111 8.44057(8) 601.33(2) 
309.35 0.1111 8.44098(8) 601.42(2) 
306.34 0.1111 8.44108(8) 601.44(2) 
303.28 0.1110 8.44151(8) 601.53(2) 
300.40 0.1109 8.44156(8) 601.55(2) 
297.49 0.1107 8.44178(8) 601.59(2) 
294.47 0.1105 8.44201(8) 601.64(2) 
291.16 0.1108 8.44236(8) 601.72(2) 
287.94 0.1108 8.44270(8) 601.79(2) 
285.15 0.1109 8.44302(8) 601.86(2) 
282.15 0.1111 8.44337(8) 601.93(2) 
279.35 0.1111 8.44376(8) 602.01(2) 
276.35 0.1111 8.44386(8) 602.04(2) 
273.05 0.1112 8.44433(8) 602.14(2) 
270.15 0.1114 8.44458(8) 602.19(2) 
267.61 0.1114 8.44502(8) 602.29(2) 
264.09 0.1115 8.44533(8) 602.35(2) 
261.39 0.1119 8.44566(8) 602.42(2) 
258.59 0.1120 8.44595(8) 602.48(2) 
255.70 0.1121 8.44608(8) 602.51(2) 
252.67 0.1119 8.44647(8) 602.60(2) 
249.83 0.1119 8.44647(8) 602.60(2) 
246.75 0.1119 8.44686(8) 602.68(2) 
243.77 0.1119 8.44755(8) 602.83(2) 
240.47 0.1119 8.44765(8) 602.85(2) 
237.73 0.1120 8.44801(8) 602.93(2) 
234.92 0.1121 8.44808(8) 602.94(2) 
232.17 0.1120 8.44832(8) 602.99(2) 
229.27 0.1121 8.44864(8) 603.06(2) 
226.35 0.1121 8.44898(8) 603.13(2) 
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Table D.1 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
222.94 0.1121 8.44931(8) 603.20(2) 
220.04 0.1122 8.44963(8) 603.27(2) 
217.25 0.1122 8.44995(8) 603.34(2) 
214.25 0.1123 8.45032(8) 603.42(2) 
211.25 0.1125 8.45071(8) 603.50(2) 
207.86 0.1124 8.45106(8) 603.58(2) 
204.81 0.1123 8.45140(8) 603.65(2) 
201.86 0.1122 8.45172(8) 603.72(2) 
198.96 0.1122 8.45206(8) 603.79(2) 
196.09 0.1123 8.45245(8) 603.88(2) 
193.21 0.1125 8.45281(8) 603.95(2) 
190.31 0.1125 8.45317(8) 604.03(2) 
187.40 0.1125 8.45352(8) 604.10(2) 
184.46 0.1125 8.45387(8) 604.18(2) 
181.51 0.1124 8.45421(8) 604.25(2) 
178.55 0.1124 8.45455(8) 604.33(2) 
175.59 0.1125 8.45493(8) 604.41(2) 
172.64 0.1125 8.45529(8) 604.48(2) 
169.71 0.1124 8.45564(8) 604.56(2) 
166.80 0.1124 8.45601(8) 604.64(2) 
163.93 0.1125 8.45637(8) 604.72(2) 
161.09 0.1125 8.45675(8) 604.80(2) 
158.28 0.1124 8.45710(8) 604.87(2) 
155.50 0.1124 8.45746(8) 604.95(2) 
152.74 0.1123 8.45782(8) 605.03(2) 
150.00 0.1122 8.45816(8) 605.10(2) 
147.27 0.1122 8.45853(8) 605.18(2) 
144.53 0.1122 8.45889(8) 605.26(2) 
141.78 0.1122 8.45925(8) 605.33(2) 
138.99 0.1122 8.45963(8) 605.42(2) 
136.16 0.1122 8.46000(8) 605.50(2) 
133.28 0.1122 8.46039(8) 605.58(2) 
130.35 0.1122 8.46075(8) 605.66(2) 
127.35 0.1121 8.46116(8) 605.75(2) 
124.31 0.1121 8.46159(8) 605.84(2) 
121.23 0.1121 8.46201(8) 605.93(2) 
118.15 0.1121 8.46242(8) 606.02(2) 
115.10 0.1120 8.46284(8) 606.11(2) 




Table D.2: Lattice constant and unit cell volume for cubic CaZr0.5Nb0.5F6.5 as determined from 
Rietveld analyses of the variable temperature x-ray diffraction data. 
Temperature (K) Rwp a (Å) Volume (Å3) 
111.53 0.1087 8.3876(1) 590.08(2) 
114.12 0.1086 8.3871(1) 589.98(2) 
116.07 0.1087 8.3867(1) 589.89(2) 
118.65 0.1086 8.3862(1) 589.79(2) 
121.51 0.1085 8.3857(1) 589.69(2) 
124.19 0.1085 8.3853(1) 589.60(2) 
127.46 0.1085 8.3849(1) 589.51(2) 
131.11 0.1085 8.3845(1) 589.44(2) 
133.81 0.1085 8.3842(1) 589.36(2) 
136.62 0.1085 8.3838(1) 589.29(2) 
139.47 0.1086 8.3835(1) 589.22(2) 
142.26 0.1085 8.3832(1) 589.16(2) 
144.97 0.1085 8.3829(1) 589.09(2) 
147.61 0.1084 8.3826(1) 589.02(2) 
150.20 0.1084 8.3823(1) 588.97(2) 
152.81 0.1084 8.3820(1) 588.91(2) 
155.51 0.1083 8.3818(1) 588.87(2) 
158.33 0.1083 8.3816(1) 588.83(2) 
161.25 0.1083 8.3815(1) 588.79(2) 
164.16 0.1084 8.3813(1) 588.76(2) 
167.27 0.1084 8.3812(1) 588.73(2) 
170.06 0.1084 8.3811(1) 588.70(2) 
172.94 0.1085 8.3810(1) 588.69(2) 
175.79 0.1085 8.3809(1) 588.68(2) 
178.66 0.1085 8.3808(1) 588.65(2) 
181.54 0.1085 8.3807(1) 588.63(2) 
184.42 0.1086 8.3806(1) 588.61(2) 
187.29 0.1087 8.3806(1) 588.60(2) 
190.16 0.1087 8.3805(1) 588.58(2) 
193.02 0.1087 8.3804(1) 588.56(2) 
195.89 0.1087 8.3802(1) 588.53(2) 
198.78 0.1086 8.3801(1) 588.49(2) 
201.71 0.1086 8.3799(1) 588.46(2) 
204.68 0.1085 8.3797(1) 588.42(2) 




Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
210.64 0.1085 8.3794(1) 588.35(2) 
213.63 0.1086 8.3792(1) 588.32(2) 
216.40 0.1086 8.3791(1) 588.28(2) 
219.50 0.1085 8.3788(1) 588.23(2) 
222.45 0.1085 8.3786(1) 588.19(2) 
225.31 0.1084 8.3784(1) 588.15(2) 
228.45 0.1083 8.3782(1) 588.10(2) 
231.40 0.1082 8.3780(1) 588.05(2) 
234.45 0.1083 8.3778(1) 588.01(2) 
237.45 0.1083 8.3776(1) 587.98(2) 
240.00 0.1082 8.3775(1) 587.95(2) 
243.20 0.1081 8.3773(1) 587.91(2) 
246.35 0.1081 8.3773(1) 587.92(2) 
249.30 0.1081 8.3769(1) 587.82(2) 
252.20 0.1081 8.3767(1) 587.79(2) 
255.25 0.1080 8.3765(1) 587.74(2) 
258.40 0.1080 8.3765(1) 587.74(2) 
261.35 0.1079 8.3761(1) 587.66(2) 
264.20 0.1078 8.3759(1) 587.62(2) 
267.35 0.1078 8.3758(1) 587.60(2) 
269.55 0.1077 8.3757(1) 587.58(2) 
273.55 0.1077 8.3755(1) 587.52(2) 
276.55 0.1076 8.3752(1) 587.48(2) 
279.45 0.1075 8.3750(1) 587.43(2) 
282.30 0.1075 8.3750(1) 587.43(2) 
285.30 0.1074 8.3748(1) 587.39(2) 
288.30 0.1074 8.3747(1) 587.37(2) 
291.30 0.1073 8.3746(1) 587.33(2) 
294.40 0.1072 8.3744(1) 587.30(2) 
297.20 0.1072 8.3743(1) 587.27(2) 
300.25 0.1071 8.3741(1) 587.23(2) 
303.11 0.1071 8.3741(1) 587.25(2) 
305.69 0.1070 8.3740(1) 587.23(2) 
309.23 0.1069 8.3740(1) 587.22(2) 
312.45 0.1069 8.3741(1) 587.23(2) 
316.23 0.1067 8.3742(1) 587.25(2) 
319.25 0.1066 8.3746(1) 587.34(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
322.21 0.1066 8.3748(1) 587.39(2) 
325.33 0.1066 8.3753(1) 587.48(2) 
328.36 0.1064 8.3756(1) 587.56(2) 
331.82 0.1063 8.3761(1) 587.65(2) 
334.98 0.1063 8.3766(1) 587.77(2) 
338.29 0.1062 8.3769(1) 587.83(2) 
341.85 0.1060 8.3774(1) 587.92(2) 
345.00 0.1060 8.3777(1) 588.00(2) 
348.48 0.1059 8.3781(1) 588.08(2) 
352.10 0.1058 8.3784(1) 588.15(2) 
355.23 0.1057 8.3787(1) 588.21(2) 
358.54 0.1060 8.3791(1) 588.29(2) 
361.97 0.1063 8.3793(1) 588.33(2) 
365.53 0.1063 8.3796(1) 588.40(2) 
369.06 0.1062 8.3798(1) 588.44(2) 
372.91 0.1061 8.3801(1) 588.49(2) 
376.34 0.1060 8.3803(1) 588.55(2) 
379.97 0.1059 8.3806(1) 588.60(2) 
383.35 0.1062 8.3808(1) 588.65(2) 
386.11 0.1061 8.3811(1) 588.70(2) 
389.13 0.1060 8.3813(1) 588.75(2) 
392.19 0.1060 8.3815(1) 588.80(2) 
395.15 0.1060 8.3817(1) 588.84(2) 
398.35 0.1059 8.3819(1) 588.88(2) 
401.61 0.1059 8.3821(1) 588.92(2) 
405.02 0.1058 8.3822(1) 588.95(2) 
408.37 0.1057 8.3824(1) 588.99(2) 
411.52 0.1056 8.3826(1) 589.03(2) 
414.77 0.1056 8.3827(1) 589.06(2) 
419.29 0.1054 8.3829(1) 589.09(2) 
422.60 0.1054 8.3831(1) 589.12(2) 
425.70 0.1053 8.3832(1) 589.16(2) 
429.05 0.1053 8.3833(1) 589.18(2) 
431.90 0.1052 8.3835(1) 589.21(2) 
434.85 0.1051 8.3836(1) 589.23(2) 
437.21 0.1051 8.3837(1) 589.26(2) 
439.94 0.1050 8.3838(1) 589.28(2) 
442.71 0.1050 8.3839(1) 589.30(2) 
445.43 0.1049 8.3840(1) 589.32(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
448.32 0.1048 8.3841(1) 589.33(2) 
450.94 0.1047 8.3841(1) 589.35(2) 
453.56 0.1046 8.3842(1) 589.37(2) 
456.29 0.1045 8.3843(1) 589.38(2) 
458.84 0.1044 8.3843(1) 589.39(2) 
461.50 0.1043 8.3844(1) 589.40(2) 
463.97 0.1042 8.3844(1) 589.41(2) 
466.54 0.1042 8.3845(1) 589.42(2) 
469.02 0.1041 8.3845(1) 589.44(2) 
471.57 0.1040 8.3846(1) 589.44(2) 
474.07 0.1040 8.3846(1) 589.46(2) 
476.59 0.1039 8.3846(1) 589.46(2) 
479.05 0.1038 8.3847(1) 589.47(2) 
481.44 0.1038 8.3847(1) 589.47(2) 
483.83 0.1037 8.3848(1) 589.49(2) 
486.18 0.1036 8.3848(1) 589.49(2) 
488.44 0.1035 8.3849(1) 589.51(2) 
490.69 0.1034 8.3849(1) 589.51(2) 
492.92 0.1033 8.3850(1) 589.52(2) 
495.06 0.1032 8.3850(1) 589.54(2) 
497.18 0.1031 8.3851(1) 589.56(2) 
499.41 0.1030 8.3852(1) 589.57(2) 
501.65 0.1029 8.3852(1) 589.58(2) 
502.87 0.1029 8.3853(1) 589.61(2) 
501.69 0.1029 8.3857(1) 589.69(2) 
500.19 0.1029 8.3861(1) 589.76(2) 
498.50 0.1030 8.3865(1) 589.85(2) 
496.65 0.1029 8.3869(1) 589.93(2) 
494.69 0.1030 8.3873(1) 590.01(2) 
492.66 0.1031 8.3877(1) 590.10(2) 
490.64 0.1031 8.3881(1) 590.19(2) 
488.47 0.1032 8.3885(1) 590.28(2) 
486.18 0.1033 8.3889(1) 590.37(2) 
483.77 0.1035 8.3894(1) 590.46(2) 
481.20 0.1036 8.3898(1) 590.55(2) 
478.68 0.1037 8.3902(1) 590.63(2) 
475.96 0.1038 8.3906(1) 590.72(2) 
473.29 0.1038 8.3910(1) 590.81(2) 
470.54 0.1040 8.3914(1) 590.89(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
467.88 0.1041 8.3918(1) 590.97(2) 
465.16 0.1044 8.3922(1) 591.05(2) 
461.75 0.1043 8.3926(1) 591.14(2) 
459.05 0.1045 8.3930(1) 591.22(2) 
455.75 0.1046 8.3934(1) 591.30(2) 
452.93 0.1047 8.3937(1) 591.37(2) 
450.25 0.1049 8.3941(1) 591.45(2) 
447.73 0.1050 8.3944(1) 591.52(2) 
444.28 0.1051 8.3948(1) 591.59(2) 
441.48 0.1052 8.3951(1) 591.66(2) 
438.59 0.1053 8.3954(1) 591.73(2) 
435.73 0.1054 8.3957(1) 591.80(2) 
432.75 0.1055 8.3960(1) 591.87(2) 
429.71 0.1056 8.3964(1) 591.93(2) 
426.62 0.1057 8.3967(1) 592.00(2) 
423.51 0.1057 8.3970(1) 592.06(2) 
420.35 0.1059 8.3973(1) 592.12(2) 
417.25 0.1059 8.3975(1) 592.18(2) 
414.21 0.1061 8.3978(1) 592.24(2) 
411.07 0.1061 8.3981(1) 592.30(2) 
407.96 0.1062 8.3984(1) 592.36(2) 
404.88 0.1062 8.3986(1) 592.42(2) 
401.72 0.1064 8.3989(1) 592.48(2) 
398.49 0.1064 8.3992(1) 592.54(2) 
395.51 0.1065 8.3995(1) 592.59(2) 
392.46 0.1064 8.3997(1) 592.63(2) 
389.81 0.1065 8.3999(1) 592.69(2) 
387.10 0.1067 8.4002(1) 592.74(2) 
384.21 0.1067 8.4004(1) 592.80(2) 
381.08 0.1067 8.4007(1) 592.86(2) 
377.62 0.1068 8.4010(1) 592.92(2) 
374.11 0.1068 8.4013(1) 592.98(2) 
370.49 0.1069 8.4016(1) 593.05(2) 
367.26 0.1069 8.4018(1) 593.09(2) 
363.75 0.1070 8.4022(1) 593.18(2) 
360.34 0.1070 8.4024(1) 593.21(2) 
357.02 0.1070 8.4027(1) 593.27(2) 
353.70 0.1071 8.4030(1) 593.33(2) 
350.61 0.1071 8.4032(1) 593.39(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
347.22 0.1071 8.4036(1) 593.46(2) 
343.87 0.1071 8.4037(1) 593.50(2) 
340.40 0.1072 8.4040(1) 593.56(2) 
337.12 0.1072 8.4043(1) 593.62(2) 
333.71 0.1072 8.4046(1) 593.67(2) 
330.63 0.1073 8.4048(1) 593.73(2) 
327.33 0.1073 8.4052(1) 593.80(2) 
324.13 0.1073 8.4055(1) 593.87(2) 
320.90 0.1073 8.4057(1) 593.90(2) 
315.53 0.1074 8.4063(1) 594.04(2) 
312.46 0.1074 8.4066(1) 594.10(2) 
309.35 0.1074 8.4066(1) 594.10(2) 
306.19 0.1075 8.4069(1) 594.16(2) 
303.43 0.1076 8.4072(1) 594.22(2) 
300.55 0.1076 8.4077(1) 594.33(2) 
297.54 0.1076 8.4076(1) 594.32(2) 
294.37 0.1077 8.4080(1) 594.41(2) 
291.36 0.1077 8.4082(1) 594.45(2) 
288.36 0.1077 8.4086(1) 594.52(2) 
285.57 0.1077 8.4088(1) 594.56(2) 
282.75 0.1078 8.4091(1) 594.64(2) 
279.75 0.1077 8.4094(1) 594.69(2) 
276.44 0.1077 8.4096(1) 594.73(2) 
273.50 0.1078 8.4098(1) 594.78(2) 
270.50 0.1078 8.4101(1) 594.84(2) 
267.56 0.1079 8.4107(1) 594.96(2) 
264.02 0.1080 8.4109(1) 595.01(2) 
261.44 0.1080 8.4112(1) 595.08(2) 
258.54 0.1081 8.4118(1) 595.19(2) 
255.45 0.1081 8.4120(1) 595.26(2) 
252.33 0.1081 8.4120(1) 595.25(2) 
249.44 0.1082 8.4127(1) 595.40(2) 
246.51 0.1082 8.4127(1) 595.40(2) 
243.77 0.1081 8.4126(1) 595.38(2) 
240.81 0.1082 8.4129(1) 595.44(2) 
237.88 0.1084 8.4133(1) 595.51(2) 
234.92 0.1084 8.4135(1) 595.57(2) 
232.12 0.1085 8.4140(1) 595.67(2) 
229.27 0.1086 8.4142(1) 595.71(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
226.40 0.1086 8.4144(1) 595.76(2) 
222.94 0.1087 8.4147(1) 595.82(2) 
220.04 0.1088 8.4150(1) 595.89(2) 
217.25 0.1089 8.4154(1) 595.96(2) 
214.30 0.1089 8.4157(1) 596.04(2) 
211.30 0.1090 8.4160(1) 596.11(2) 
207.86 0.1091 8.4164(1) 596.18(2) 
204.81 0.1092 8.4167(1) 596.25(2) 
201.86 0.1093 8.4171(1) 596.32(2) 
198.96 0.1094 8.4174(1) 596.39(2) 
196.09 0.1095 8.4177(1) 596.46(2) 
193.21 0.1095 8.4181(1) 596.53(2) 
190.36 0.1096 8.4184(1) 596.61(2) 
187.40 0.1098 8.4187(1) 596.68(2) 
184.46 0.1099 8.4191(1) 596.75(2) 
181.51 0.1100 8.4194(1) 596.82(2) 
178.55 0.1101 8.4197(1) 596.89(2) 
175.59 0.1102 8.4201(1) 596.96(2) 
172.64 0.1104 8.4204(1) 597.03(2) 
169.71 0.1105 8.4207(1) 597.10(2) 
166.80 0.1106 8.4211(1) 597.18(2) 
163.93 0.1107 8.4214(1) 597.26(2) 
161.09 0.1108 8.4218(1) 597.33(2) 
158.28 0.1110 8.4221(1) 597.40(2) 
155.50 0.1111 8.4225(1) 597.47(2) 
152.70 0.1112 8.4228(1) 597.55(2) 
150.00 0.1113 8.4231(1) 597.62(2) 
147.22 0.1114 8.4235(1) 597.69(2) 
144.53 0.1116 8.4239(1) 597.77(2) 
141.78 0.1116 8.4242(1) 597.84(2) 
138.99 0.1117 8.4245(1) 597.91(2) 
136.16 0.1119 8.4249(1) 597.99(2) 
133.28 0.1120 8.4253(1) 598.07(2) 
130.35 0.1122 8.4256(1) 598.14(2) 
127.35 0.1123 8.4260(1) 598.23(2) 
124.31 0.1124 8.4264(1) 598.31(2) 
121.23 0.1126 8.4268(1) 598.40(2) 
118.15 0.1128 8.4272(1) 598.48(2) 
115.10 0.1128 8.4276(1) 598.56(2) 
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Table D.2 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
112.05 0.1129 8.4280(1) 598.64(2) 
 
Table D.3: Lattice constant and unit cell volume for cubic CaZr0.25Nb0.75F6.75 as determined 
from Rietveld analyses of the variable temperature x-ray diffraction data. 
Temperature (K) Rwp a (Å) Volume (Å3) 
111.53 0.0833 8.30812(8) 573.47(2) 
114.12 0.0832 8.30742(8) 573.32(2) 
116.07 0.0831 8.30678(8) 573.19(2) 
118.65 0.0830 8.30619(8) 573.07(2) 
121.37 0.0829 8.30566(8) 572.96(2) 
124.19 0.0829 8.30517(8) 572.86(2) 
127.46 0.0829 8.30474(8) 572.77(2) 
131.11 0.0829 8.30437(8) 572.69(2) 
133.81 0.0829 8.30407(8) 572.63(2) 
136.62 0.0830 8.30382(8) 572.58(2) 
139.47 0.0830 8.30368(8) 572.55(2) 
142.26 0.0831 8.30358(8) 572.53(2) 
144.97 0.0831 8.30356(8) 572.52(2) 
147.61 0.0832 8.30362(8) 572.54(2) 
150.11 0.0832 8.30371(8) 572.55(2) 
152.81 0.0831 8.30384(8) 572.58(2) 
155.51 0.0832 8.30403(8) 572.62(2) 
158.33 0.0833 8.30427(8) 572.67(2) 
161.25 0.0835 8.30457(8) 572.73(2) 
164.16 0.0836 8.30482(8) 572.78(2) 
167.25 0.0836 8.30508(8) 572.84(2) 
170.10 0.0837 8.30533(8) 572.89(2) 
172.94 0.0838 8.30559(8) 572.94(2) 
175.75 0.0837 8.30579(8) 572.99(2) 
178.66 0.0838 8.30596(8) 573.02(2) 
181.54 0.0839 8.30612(8) 573.05(2) 
184.42 0.0840 8.30624(8) 573.08(2) 
187.29 0.0840 8.30631(8) 573.09(2) 
190.16 0.0840 8.30632(8) 573.10(2) 
193.02 0.0840 8.30632(8) 573.10(2) 




Table D.3 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
198.78 0.0839 8.30629(8) 573.09(2) 
201.71 0.0839 8.30623(8) 573.08(2) 
204.68 0.0838 8.30618(8) 573.06(2) 
207.68 0.0839 8.30615(8) 573.06(2) 
210.69 0.0839 8.30611(8) 573.05(2) 
213.63 0.0839 8.30607(8) 573.04(2) 
216.35 0.0839 8.30602(8) 573.03(2) 
219.36 0.0839 8.30598(8) 573.02(2) 
222.89 0.0838 8.30587(8) 573.00(2) 
225.35 0.0837 8.30581(8) 572.99(2) 
228.50 0.0837 8.30577(8) 572.98(2) 
231.25 0.0840 8.3058(8) 572.99(2) 
234.40 0.0840 8.30576(8) 572.98(2) 
237.40 0.0839 8.30567(8) 572.96(2) 
240.20 0.0841 8.30564(8) 572.95(2) 
243.60 0.0843 8.30564(8) 572.95(2) 
246.65 0.0844 8.30562(8) 572.95(2) 
249.40 0.0843 8.30557(8) 572.94(2) 
252.25 0.0840 8.30540(8) 572.90(2) 
255.15 0.0838 8.30532(8) 572.89(2) 
258.10 0.0835 8.30517(8) 572.86(2) 
261.35 0.0837 8.30516(8) 572.85(2) 
264.15 0.0838 8.30512(8) 572.85(2) 
267.35 0.0839 8.30507(8) 572.84(2) 
270.40 0.0839 8.30512(8) 572.85(2) 
273.50 0.0840 8.30506(8) 572.83(2) 
276.60 0.0842 8.30505(8) 572.83(2) 
279.45 0.0842 8.30500(8) 572.82(2) 
282.20 0.0841 8.30491(8) 572.80(2) 
285.25 0.0840 8.30495(8) 572.81(2) 
288.25 0.0839 8.30494(8) 572.81(2) 
291.35 0.0838 8.30493(8) 572.81(2) 
294.45 0.0837 8.30494(8) 572.81(2) 
297.30 0.0837 8.30501(8) 572.82(2) 
300.20 0.0836 8.30514(8) 572.85(2) 
303.20 0.0835 8.30530(8) 572.88(2) 
303.99 0.0834 8.30552(8) 572.93(2) 
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Table D.3 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
308.63 0.0834 8.30586(8) 573.00(2) 
312.55 0.0833 8.30632(8) 573.09(2) 
316.86 0.0832 8.30690(8) 573.21(2) 
318.87 0.0833 8.30764(8) 573.37(2) 
321.92 0.0833 8.30852(8) 573.55(2) 
325.12 0.0834 8.30945(8) 573.74(2) 
328.57 0.0833 8.31029(8) 573.92(2) 
331.66 0.0833 8.31117(8) 574.10(2) 
335.20 0.0833 8.31190(8) 574.25(2) 
338.18 0.0833 8.31261(8) 574.40(2) 
341.85 0.0833 8.31315(8) 574.51(2) 
345.12 0.0833 8.31370(8) 574.62(2) 
348.37 0.0833 8.31415(8) 574.72(2) 
352.05 0.0833 8.3146(8) 574.81(2) 
355.11 0.0832 8.31496(8) 574.88(2) 
358.60 0.0832 8.31531(8) 574.96(2) 
361.97 0.0832 8.31564(8) 575.03(2) 
365.47 0.0831 8.31589(8) 575.08(2) 
369.12 0.0830 8.31616(8) 575.13(2) 
372.66 0.0829 8.31636(8) 575.18(2) 
376.40 0.0829 8.31659(8) 575.22(2) 
379.97 0.0830 8.31680(8) 575.27(2) 
383.25 0.0831 8.31697(8) 575.30(2) 
386.21 0.0830 8.31713(8) 575.33(2) 
389.13 0.0831 8.31728(8) 575.37(2) 
392.14 0.0830 8.31740(8) 575.39(2) 
395.10 0.0831 8.31750(8) 575.41(2) 
398.29 0.0831 8.31759(8) 575.43(2) 
401.61 0.0830 8.31767(8) 575.45(2) 
404.97 0.0830 8.31773(8) 575.46(2) 
408.37 0.0830 8.31778(8) 575.47(2) 
411.63 0.0829 8.31783(8) 575.48(2) 
414.77 0.0830 8.31787(8) 575.49(2) 
419.40 0.0831 8.31792(8) 575.50(2) 
422.60 0.0830 8.31794(8) 575.50(2) 
425.75 0.0831 8.31796(8) 575.51(2) 
429.05 0.0832 8.31799(8) 575.51(2) 
431.90 0.0832 8.31801(8) 575.52(2) 
434.90 0.0836 8.31801(8) 575.52(2) 
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Table D.3 continued 
Temperature (K) Rwp a (Å) Volume (Å3) 
437.26 0.0835 8.31799(8) 575.51(2) 
439.99 0.0835 8.31797(8) 575.51(2) 
442.76 0.0834 8.31797(8) 575.51(2) 
445.48 0.0834 8.31795(8) 575.51(2) 
448.22 0.0834 8.31795(8) 575.50(2) 
450.94 0.0834 8.31793(8) 575.50(2) 
453.61 0.0834 8.31793(8) 575.50(2) 
456.24 0.0834 8.31793(8) 575.50(2) 
458.89 0.0834 8.31790(8) 575.50(2) 
461.46 0.0833 8.31785(8) 575.48(2) 
463.97 0.0832 8.31784(8) 575.48(2) 
466.46 0.0832 8.31778(8) 575.47(2) 
469.06 0.0831 8.31775(8) 575.46(2) 
471.57 0.0830 8.31771(8) 575.46(2) 
474.07 0.0829 8.31766(8) 575.45(2) 
476.55 0.0828 8.3176(8) 575.43(2) 
479.01 0.0826 8.31757(8) 575.43(2) 
481.44 0.0825 8.31751(7) 575.41(2) 
483.87 0.0824 8.31747(7) 575.41(2) 
486.22 0.0823 8.31742(7) 575.39(2) 
488.48 0.0821 8.31738(7) 575.39(2) 
490.72 0.0820 8.31734(7) 575.38(2) 
492.92 0.0819 8.31732(7) 575.38(2) 
495.09 0.0818 8.31729(7) 575.37(2) 
497.25 0.0814 8.31723(7) 575.36(2) 
499.45 0.0811 8.31719(7) 575.35(2) 
501.69 0.0809 8.31718(7) 575.35(2) 
502.89 0.0807 8.31720(7) 575.35(2) 
501.71 0.0805 8.31738(7) 575.39(2) 
500.22 0.0805 8.31759(7) 575.43(2) 
498.50 0.0805 8.31785(7) 575.48(2) 
496.62 0.0805 8.31812(7) 575.54(2) 
494.69 0.0804 8.31837(7) 575.59(2) 
492.69 0.0803 8.31868(7) 575.66(2) 
490.64 0.0802 8.31900(7) 575.72(2) 
488.47 0.0802 8.31936(7) 575.8(2) 
486.14 0.0802 8.31976(7) 575.88(2) 
483.77 0.0802 8.32017(7) 575.97(2) 
481.25 0.0801 8.32056(7) 576.05(2) 
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Temperature (K) Rwp a (Å) Volume (Å3) 
478.59 0.0800 8.32097(7) 576.13(2) 
475.96 0.0799 8.32142(7) 576.23(2) 
473.25 0.0800 8.32188(7) 576.32(2) 
470.58 0.0800 8.32233(7) 576.42(2) 
467.83 0.0799 8.32281(7) 576.51(2) 
465.11 0.0799 8.32330(7) 576.62(2) 
461.75 0.0800 8.32379(7) 576.72(2) 
458.93 0.0799 8.32428(7) 576.82(2) 
455.75 0.0798 8.32476(7) 576.92(2) 
452.93 0.0798 8.32523(7) 577.02(2) 
450.25 0.0797 8.32572(7) 577.12(2) 
447.69 0.0798 8.32622(7) 577.22(2) 
444.28 0.0797 8.32670(7) 577.32(2) 
441.48 0.0797 8.32720(7) 577.43(2) 
438.64 0.0797 8.32766(7) 577.52(2) 
435.68 0.0797 8.32814(7) 577.62(2) 
432.70 0.0797 8.32860(7) 577.72(1) 
429.66 0.0797 8.32907(7) 577.82(1) 
426.67 0.0797 8.32952(7) 577.91(1) 
423.51 0.0796 8.32997(7) 578.00(1) 
420.35 0.0797 8.33043(7) 578.10(1) 
417.30 0.0797 8.33086(7) 578.19(1) 
414.21 0.0797 8.33129(7) 578.28(1) 
411.12 0.0797 8.33171(7) 578.37(1) 
408.02 0.0797 8.33213(7) 578.45(1) 
404.88 0.0797 8.33254(7) 578.54(1) 
401.72 0.0798 8.33293(7) 578.62(1) 
398.54 0.0798 8.33333(7) 578.70(1) 
395.40 0.0799 8.33368(7) 578.78(1) 
392.51 0.0799 8.33404(7) 578.85(1) 
389.77 0.0798 8.33436(7) 578.92(1) 
387.06 0.0799 8.33472(7) 578.99(1) 
384.16 0.0800 8.33506(7) 579.06(1) 
380.97 0.0800 8.33540(7) 579.14(1) 
377.50 0.0800 8.33571(7) 579.20(1) 
374.06 0.0800 8.33605(7) 579.27(1) 
370.67 0.0800 8.33638(7) 579.34(1) 
367.09 0.0801 8.33668(7) 579.40(1) 
363.63 0.0801 8.33696(7) 579.46(1) 
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Temperature (K) Rwp a (Å) Volume (Å3) 
360.45 0.0801 8.33723(7) 579.52(1) 
356.96 0.0801 8.33751(7) 579.57(1) 
353.87 0.0801 8.33778(7) 579.63(1) 
350.61 0.0801 8.33801(7) 579.68(1) 
347.16 0.0801 8.33828(7) 579.73(1) 
343.81 0.0801 8.33852(7) 579.79(1) 
340.35 0.0801 8.33870(7) 579.82(1) 
336.96 0.0802 8.33899(7) 579.88(1) 
333.99 0.0802 8.33921(7) 579.93(1) 
330.58 0.0801 8.33947(7) 579.98(1) 
327.28 0.0802 8.33955(7) 580.00(1) 
324.34 0.0802 8.33978(7) 580.05(1) 
321.07 0.0802 8.34007(7) 580.11(1) 
315.53 0.0803 8.34033(7) 580.16(1) 
312.35 0.0803 8.34046(7) 580.19(1) 
309.30 0.0803 8.34068(7) 580.24(1) 
306.39 0.0803 8.34085(7) 580.27(1) 
303.47 0.0803 8.34106(7) 580.32(1) 
300.64 0.0804 8.34129(7) 580.36(1) 
297.54 0.0803 8.34138(7) 580.38(1) 
294.37 0.0803 8.34159(7) 580.43(1) 
291.26 0.0803 8.34171(7) 580.45(1) 
288.36 0.0803 8.34192(7) 580.50(1) 
285.57 0.0802 8.34205(7) 580.52(1) 
282.75 0.0802 8.34236(7) 580.59(1) 
279.75 0.0803 8.34247(7) 580.61(1) 
276.35 0.0803 8.34260(7) 580.64(1) 
273.50 0.0803 8.34274(7) 580.67(1) 
270.50 0.0803 8.34315(7) 580.75(1) 
267.47 0.0803 8.34311(7) 580.74(1) 
264.22 0.0802 8.34336(7) 580.80(1) 
262.37 0.0803 8.34368(7) 580.86(1) 
257.76 0.0802 8.34371(7) 580.87(1) 
256.01 0.0802 8.34408(7) 580.95(1) 
252.72 0.0802 8.34403(7) 580.94(1) 
249.25 0.0802 8.34422(7) 580.97(1) 
246.42 0.0802 8.34464(7) 581.06(1) 
244.06 0.0801 8.34482(7) 581.10(1) 
240.37 0.0801 8.34486(7) 581.11(1) 
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Temperature (K) Rwp a (Å) Volume (Å3) 
237.73 0.0802 8.34497(7) 581.13(1) 
234.88 0.0801 8.34532(7) 581.21(1) 
232.17 0.0801 8.34562(7) 581.27(1) 
229.41 0.0801 8.34559(7) 581.26(1) 
226.35 0.0800 8.34607(7) 581.36(1) 
222.90 0.0801 8.34594(7) 581.33(1) 
220.13 0.0800 8.34628(7) 581.41(1) 
217.40 0.0800 8.34643(7) 581.44(1) 
214.35 0.0800 8.34650(7) 581.45(1) 
211.25 0.0800 8.34669(7) 581.49(1) 
207.91 0.0800 8.34684(7) 581.52(1) 
204.81 0.0800 8.34700(7) 581.56(1) 
202.05 0.0799 8.34720(7) 581.60(1) 
199.01 0.0799 8.34736(7) 581.63(1) 
196.14 0.0798 8.34752(7) 581.66(1) 
193.26 0.0797 8.34767(7) 581.70(1) 
190.31 0.0798 8.34783(7) 581.73(1) 
187.40 0.0797 8.34798(7) 581.76(1) 
184.46 0.0797 8.34812(7) 581.79(1) 
181.51 0.0796 8.34827(7) 581.82(1) 
178.55 0.0796 8.34841(7) 581.85(1) 
175.54 0.0796 8.34856(7) 581.88(1) 
173.28 0.0796 8.34864(7) 581.90(1) 
169.61 0.0794 8.34880(7) 581.93(1) 
166.80 0.0794 8.34904(7) 581.98(1) 
163.93 0.0793 8.34927(7) 582.03(1) 
161.09 0.0792 8.34950(7) 582.08(1) 
158.28 0.0792 8.34964(7) 582.11(1) 
155.50 0.0790 8.34977(7) 582.14(1) 
152.74 0.0789 8.34989(7) 582.16(1) 
150.00 0.0788 8.35003(7) 582.19(1) 
147.27 0.0788 8.35016(7) 582.22(1) 
144.53 0.0787 8.35026(7) 582.24(1) 
141.78 0.0786 8.35035(7) 582.26(1) 
138.99 0.0785 8.35046(7) 582.28(1) 
136.16 0.0784 8.35057(7) 582.30(1) 
133.28 0.0783 8.35063(7) 582.31(1) 
130.35 0.0782 8.35071(7) 582.33(1) 
127.35 0.0781 8.35079(7) 582.35(1) 
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Temperature (K) Rwp a (Å) Volume (Å3) 
124.31 0.0780 8.35091(7) 582.37(1) 
121.23 0.0779 8.35102(7) 582.40(1) 
118.15 0.0777 8.35111(7) 582.42(1) 
115.05 0.0777 8.35120(7) 582.43(1) 
112.09 0.0776 8.35128(7) 582.45(1) 
 
Table D.4: Unit cell volumes for cubic CaZr0.75Nb0.25F6.25 and NaCl as determined from the 
Rietveld analysis of the high-pressure diffraction data. Pressures estimated from the unit cell 








8.42993(6) 599.06(1) 179.506(6) 0.000(11) 
8.43003(6) 599.08(1) 179.506(6) 0.000(11) 
8.43011(6) 599.10(1) 179.506(7) 0.000(12) 
8.43018(6) 599.12(1) 179.505(7) 0.001(12) 
8.43024(6) 599.13(1) 179.505(6) 0.001(11) 
8.43031(6) 599.14(1) 179.507(6) 0.000(11) 
8.43037(6) 599.16(1) 179.506(6) 0.000(11) 
8.43042(6) 599.17(1) 179.507(6) 0.000(11) 
8.43047(6) 599.18(1) 179.509(6) 0.000(11) 
8.43052(8) 599.19(2) 179.505(8) 0.001(13) 
8.43060(8) 599.20(2) 179.504(8) 0.001(13) 
8.43066(6) 599.22(1) 179.505(6) 0.001(11) 
8.43072(6) 599.23(1) 179.503(6) 0.001(11) 
8.43070(6) 599.23(1) 179.498(6) 0.001(11) 
8.43068(6) 599.22(1) 179.498(6) 0.001(11) 
8.43075(6) 599.24(1) 179.498(7) 0.001(12) 
8.43070(6) 599.23(1) 179.492(6) 0.002(11) 
8.43042(6) 599.17(1) 179.462(6) 0.006(11) 
8.43008(6) 599.10(1) 179.425(7) 0.011(12) 
8.42961(7) 598.99(2) 179.372(8) 0.018(13) 
8.42928(6) 598.92(1) 179.333(7) 0.023(12) 
8.42887(6) 598.84(1) 179.291(7) 0.029(12) 
8.42820(6) 598.69(1) 179.223(7) 0.038(12) 
8.42765(6) 598.58(1) 179.172(6) 0.045(11) 












8.42610(6) 598.25(1) 179.025(6) 0.065(11) 
8.42516(6) 598.05(1) 178.933(6) 0.077(11) 
8.42415(7) 597.83(2) 178.832(7) 0.091(13) 
8.42274(6) 597.53(1) 178.688(6) 0.111(12) 
8.42109(6) 597.18(1) 178.535(6) 0.132(12) 
8.41944(6) 596.83(1) 178.384(6) 0.153(12) 
8.41826(6) 596.58(1) 178.272(5) 0.168(11) 
8.41707(6) 596.33(1) 178.160(5) 0.184(11) 
8.41520(6) 595.93(1) 177.992(5) 0.207(11) 
8.41296(6) 595.45(1) 177.797(5) 0.235(11) 
8.41097(6) 595.03(1) 177.623(5) 0.259(11) 
8.40777(6) 594.35(1) 177.364(5) 0.296(11) 
8.40372(6) 593.49(1) 177.050(5) 0.341(11) 
8.40087(6) 592.89(1) 176.840(5) 0.372(11) 
8.39736(6) 592.15(1) 176.599(5) 0.407(11) 
8.39248(6) 591.11(1) 176.281(6) 0.454(12) 
8.38771(6) 590.11(1) 175.990(5) 0.498(12) 
8.38046(6) 588.58(1) 175.593(6) 0.558(13) 
8.37244(7) 586.89(1) 175.215(6) 0.616(13) 
8.36136(8) 584.56(2) 174.814(6) 0.678(13) 
 
Table D.5: Unit cell volumes for cubic CaZr0.5Nb0.5F6.5 and NaCl as determined from the 
Rietveld analysis of the high-pressure diffraction data. Pressures estimated from the unit cell 
volume of the NaCl using an equation of state are also given. 







8.35553(8) - 583.341(17) 178.552(5) 0.118(10) 
8.35518(8) - 583.268(17) 178.512(5) 0.123(10) 
8.35448(8) - 583.120(17) 178.433(5) 0.134(10) 
8.35362(8) - 582.941(17) 178.360(5) 0.144(10) 
8.35310(8) - 582.831(17) 178.291(5) 0.154(10) 
8.35253(8) - 582.712(17) 178.224(5) 0.163(10) 




Table D.5 continued 







8.35025(8) - 582.235(17) 178.042(5) 0.189(10) 
8.34887(8) - 581.946(17) 177.929(5) 0.204(10) 
8.34824(8) - 581.815(17) 177.882(5) 0.211(10) 
8.34695(8) - 581.545(17) 177.795(5) 0.223(10) 
8.34562(9) - 581.268(18) 177.688(5) 0.238(10) 
8.34404(8) - 580.938(17) 177.565(5) 0.256(10) 
8.34245(8) - 580.605(17) 177.430(5) 0.275(10) 
8.34100(8) - 580.302(17) 177.319(5) 0.291(10) 
8.33924(8) - 579.935(17) 177.183(5) 0.310(10) 
8.33709(8) - 579.486(18) 177.032(5) 0.332(10) 
8.33428(9) - 578.900(18) 176.839(5) 0.360(10) 
8.33211(9) - 578.448(18) 176.691(5) 0.382(10) 
8.32989(9) - 577.987(18) 176.552(5) 0.402(10) 
8.32804(9) - 577.601(18) 176.441(5) 0.418(10) 
8.32463(9) - 576.893(18) 176.240(5) 0.448(10) 
8.32067(9) - 576.069(19) 176.007(5) 0.483(11) 
8.31633(9) - 575.168(19) 175.782(5) 0.517(11) 
8.31302(9) - 574.482(19) 175.617(5) 0.542(11) 
8.30871(9) - 573.589(19) 175.420(5) 0.572(11) 
8.30267(9) - 572.339(19) 175.168(5) 0.610(11) 
8.29703(9) - 571.173(19) 174.954(5) 0.643(11) 
8.29154(10) - 570.041(20) 174.777(5) 0.671(11) 
8.28603(10) - 568.905(20) 174.629(5) 0.694(11) 
8.27989(10) - 567.640(20) 174.510(5) 0.713(11) 
8.27153(11) - 565.923(23) 174.411(6) 0.728(12) 
5.8258(2) 14.3771(9) 422.584(15) 174.306(5) 0.745(11) 
5.8035(2) 14.3982(11) 419.968(18) 174.194(5) 0.763(11) 
5.7761(3) 14.4351(12) 417.078(19) 174.060(6) 0.784(12) 
5.7587(3) 14.4622(13) 415.346(20) 173.975(6) 0.798(12) 
5.7334(3) 14.4974(14) 412.704(21) 173.850(6) 0.818(13) 
5.7096(3) 14.5319(14) 410.258(19) 173.739(5) 0.836(11) 
5.6936(3) 14.5534(14) 408.569(19) 173.650(5) 0.850(11) 
5.6700(3) 14.5871(14) 406.130(19) 173.518(5) 0.872(11) 
5.6526(3) 14.6096(13) 404.271(20) 173.429(5) 0.886(11) 
5.6262(3) 14.6414(13) 401.362(20) 173.271(5) 0.912(12) 
5.6074(3) 14.6640(13) 399.307(19) 173.145(5) 0.933(12) 
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5.5954(3) 14.6785(13) 397.994(19) 173.061(5) 0.947(12) 
5.5851(3) 14.6906(13) 396.852(19) 172.996(4) 0.957(10) 
5.5734(3) 14.7039(13) 395.549(19) 172.927(4) 0.969(10) 
5.5592(3) 14.7201(15) 393.977(21) 172.840(5) 0.983(12) 
5.5477(3) 14.7332(15) 392.695(22) 172.767(4) 0.996(11) 
5.5348(3) 14.7489(16) 391.291(23) 172.676(4) 1.011(11) 
5.5187(3) 14.7685(18) 389.532(25) 172.550(4) 1.032(11) 
5.5082(4) 14.7801(20) 388.351(27) 172.460(4) 1.047(11) 
5.4953(4) 14.7945(21) 386.910(29) 172.346(4) 1.066(11) 
5.4768(4) 14.8133(25) 384.804(32) 172.151(4) 1.100(11) 
5.4575(6) 14.8285(34) 382.483(41) 171.950(4) 1.134(11) 
 
Table D.6: Unit cell volumes for cubic CaZr0.25Nb0.75F6.75 and NaCl as determined from the 
Rietveld analysis of the high-pressure diffraction data. Pressures estimated from the unit cell 
volume of the NaCl using an equation of state are also given. 







8.27884(7) - 567.425(14) 178.551(6) 0.118(12) 
8.27911(7) - 567.480(14) 178.547(6) 0.119(12) 
8.27936(7) - 567.532(14) 178.542(6) 0.119(12) 
8.27957(7) - 567.575(14) 178.537(6) 0.120(12) 
8.27968(7) - 567.598(14) 178.524(6) 0.122(12) 
8.27968(7) - 567.598(14) 178.505(6) 0.124(12) 
8.27966(7) - 567.594(14) 178.485(6) 0.127(12) 
8.27955(7) - 567.572(14) 178.461(6) 0.130(12) 
8.27948(7) - 567.556(14) 178.438(6) 0.134(12) 
8.27900(7) - 567.457(14) 178.384(6) 0.141(12) 
8.27860(7) - 567.376(14) 178.335(6) 0.148(12) 
8.27749(7) - 567.148(14) 178.227(6) 0.163(12) 
8.27651(7) - 566.945(14) 178.142(6) 0.175(12) 
8.27531(7) - 566.700(14) 178.046(6) 0.188(12) 
8.27404(7) - 566.438(14) 177.938(6) 0.203(12) 
8.27251(7) - 566.125(14) 177.811(6) 0.221(12) 
8.27151(7) - 565.918(14) 177.721(6) 0.234(12) 
8.26972(7) - 565.552(14) 177.578(6) 0.254(12) 




Table D.6 continued 







8.26639(7) - 564.870(14) 177.313(6) 0.292(12) 
8.26492(7) - 564.568(14) 177.193(6) 0.309(12) 
8.26325(7) - 564.226(14) 177.059(6) 0.328(12) 
8.26175(7) - 563.919(14) 176.940(6) 0.345(12) 
8.25987(7) - 563.533(14) 176.798(6) 0.366(12) 
8.25813(7) - 563.176(14) 176.667(6) 0.385(12) 
8.25541(7) - 562.621(14) 176.474(6) 0.413(12) 
8.25439(7) - 562.413(14) 176.381(6) 0.427(13) 
8.25326(7) - 562.182(14) 176.287(6) 0.441(13) 
8.25069(7) - 561.656(14) 176.119(6) 0.466(13) 
8.24928(7) - 561.370(14) 176.011(6) 0.482(13) 
8.24724(7) - 560.951(14) 175.878(6) 0.502(13) 
8.24413(7) - 560.318(14) 175.698(6) 0.529(13) 
8.24120(7) - 559.720(14) 175.532(6) 0.554(13) 
8.23832(7) - 559.134(14) 175.378(6) 0.578(13) 
8.23532(7) - 558.524(14) 175.227(6) 0.601(13) 
8.22908(7) - 557.255(14) 174.967(6) 0.641(13) 
8.22539(7) - 556.506(15) 174.816(7) 0.665(14) 
8.22158(8) - 555.733(15) 174.677(7) 0.686(14) 
8.21632(8) - 554.667(16) 174.506(7) 0.713(14) 
8.21103(8) - 553.595(17) 174.353(7) 0.737(15) 
8.20353(9) - 552.080(19) 174.167(8) 0.767(16) 
8.18764(12) - 548.878(25) 173.895(9) 0.811(17) 
5.7578(2) 14.2429(9) 408.930(16) 173.720(7) 0.839(15) 
5.7456(2) 14.2573(10) 407.603(18) 173.659(8) 0.849(16) 
5.7312(2) 14.2743(11) 406.043(20) 173.577(8) 0.862(16) 
5.7063(3) 14.3059(14) 403.422(22) 173.420(9) 0.888(18) 
5.6779(3) 14.3452(17) 400.508(25) 173.242(9) 0.917(18) 
5.6431(4) 14.4012(20) 397.160(36) 173.028(9) 0.952(18) 
5.6143(4) 14.4551(21) 394.580(36) 172.849(9) 0.982(18) 
5.5959(4) 14.4881(20) 392.905(25) 172.734(8) 1.001(17) 
5.5851(4) 14.5046(19) 391.833(24) 172.664(8) 1.013(17) 
5.5751(3) 14.5161(18) 390.735(24) 172.594(8) 1.025(17) 
5.5641(3) 14.5267(18) 389.477(24) 172.538(8) 1.034(17) 
5.5568(3) 14.5341(18) 388.651(24) 172.503(8) 1.040(17) 
5.5489(3) 14.5424(19) 387.776(24) 172.454(8) 1.048(17) 
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5.5402(4) 14.5521(19) 386.821(25) 172.385(8) 1.060(17) 
5.5228(4) 14.5729(21) 384.947(27) 172.225(8) 1.087(17) 
5.5128(4) 14.5858(21) 383.893(27) 172.142(7) 1.101(16) 
5.5002(4) 14.6004(22) 382.515(28) 172.030(7) 1.120(16) 
5.4861(4) 14.6175(22) 381.008(29) 171.908(7) 1.141(16) 
5.4740(4) 14.6318(23) 379.696(29) 171.816(7) 1.157(16) 
5.4632(4) 14.6433(23) 378.500(29) 171.742(7) 1.170(16) 
5.4522(4) 14.6540(23) 377.256(29) 171.676(7) 1.181(16) 
5.4427(4) 14.6622(23) 376.144(30) 171.623(7) 1.190(16) 
5.4266(4) 14.6737(23) 374.224(30) 171.498(6) 1.212(15) 
5.4152(4) 14.6792(23) 372.790(30) 171.444(6) 1.222(15) 
5.4040(4) 14.6831(24) 371.345(31) 171.380(6) 1.233(15) 
5.3933(4) 14.6848(25) 369.918(32) 171.324(6) 1.243(15) 
5.3831(4) 14.6854(26) 368.540(33) 171.263(6) 1.253(15) 
5.3699(5) 14.6849(27) 366.716(35) 171.136(5) 1.276(14) 
5.3496(5) 14.6842(28) 363.929(36) 170.928(5) 1.313(14) 
 
Table D.7: Crystallographic parameters for CaZr0.75Nb0.25F6.25 at 300 K on cooling derived 
from the Rietveld analysis of the x-ray diffraction data acquired while using a Cryostream, 
see Figure D.1. 
Chemical Formula CaZr0.75Nb0.25F6.25 
Space group Fm3̅m 
a (Å) 8.44156(8) 
λ (Å) 0.72768 
 ( cm-1) 24 































 0.25 0.0274(6)   




Table D.8: Crystallographic parameters for CaZr0.5Nb0.5F6.5 at 300 K derived on cooling from 
the Rietveld analysis of the x-ray diffraction data acquired while using a Cryostream, see 
Figure D.2. 
Chemical Formula CaZr0.5Nb0.5F6.5 
Space group Fm3̅m 
a (Å) 8.40767(9) 
λ (Å) 0.72768 
 ( cm-1) 24 






























 0.5 0.0305(6)   









Table D.9: Crystallographic parameters for CaZr0.25Nb0.75F6.75 at 300 K on cooling derived 
from the Rietveld analysis of the x-ray diffraction data acquired while using a Cryostream, 
see Figure 5.1a. 
Chemical Formula CaZr0.25Nb0.75F6.75 
Space group Fm3̅m 
a (Å) 8.34129(7) 
λ (Å) 0.72768 
 ( cm-1) 24 































 0.75 0.0345(5)   
F 0.2666(3) 0 0 1.0 0.0454 0.012(2) 0.062(2) 
 
Table D.10: Crystallographic parameters for CaZr0.75Nb0.25F6.25 at room temperature and ∼0.0 
GPa derived from the Rietveld analysis of the high-pressure synchrotron diffraction data 
collected using a DAC, see Figure D.4. 
Chemical Formula CaZr0.75Nb0.25F6.25 
Space group Fm3̅m 
a (Å) 8.43047(6) 
λ (Å) 0.72768 




 x y z Occupancy Uiso (Å2) 




















 0.25 0.0576(9) 




Table D.11: Crystallographic parameters for CaZr0.5Nb0.5F6.5 at room temperature and ∼0.1 
GPa derived from the Rietveld analysis of the high-pressure synchrotron diffraction data 
collected using a DAC, see Figure D.6. 
Chemical Formula CaZr0.5Nb0.5F6.5 
Space group Fm3̅m 
a (Å) 8.35554(8) 
λ (Å) 0.72768 




 x y z Occupancy Uiso (Å2) 




















 0.5 0.065(1) 
F 0.2656(4) 0 0 1.0 0.049(2) 
 
Table D.12: Crystallographic parameters for CaZr0.5Nb0.5F6.5 at room temperature and ∼1.0 
GPa derived from the Rietveld analysis of the high-pressure synchrotron diffraction data 
collected using a DAC, see Figure D.7. 
Chemical Formula CaZr0.5Nb0.5F6.5 
Space group R3̅ 
a (Å) 5.5477(3) 
ac(Å) 14.733(2) 
λ (Å) 0.72768 




 x y z Occupancy Uiso (Å2) 
Ca 0 0 0 1.0 -0.013(4) 
Zr 0 0 
1
2
 0.5 0.197(6) 
Nb 0 0 
1
2
 0.5 0.197(6) 




Table D.13: Crystallographic parameters for CaZr0.25Nb0.75F6.75 at room temperature and ∼0.1 
GPa derived from the Rietveld analysis of the high-pressure synchrotron diffraction data 
collected using a DAC, see Figure 5.1b 
Chemical Formula CaZr0.25Nb0.75F6.75 
Space group Fm3̅m 
a (Å) 8.27884(7) 
λ (Å) 0.72768 




 x y z Occupancy Uiso (Å2) 




















 0.75 0.062(9) 
F 0.2686(3) 0 0 1.0 0.054(1) 
 
Table D.14: Crystallographic parameters for CaZr0.25Nb0.75F6.75 at room temperature and ∼1.1 
GPa derived from the Rietveld analysis of the high-pressure synchrotron diffraction data 
collected using a DAC, see Figure D.12. 
Chemical Formula CaZr0.25Nb0.75F6.75 
Space group R3̅ 
a (Å) 5.5128(4) 
ac(Å) 14.586(2) 
λ (Å) 0.72768 




 x y z Occupancy Uiso (Å2) 
Ca 0 0 0 1.0 -0.019(6) 
Zr 0 0 
1
2
 0.25 0.259(7) 
Nb 0 0 
1
2
 0.75 0.259(7) 









Figure E.1: Neutron diffraction data for CaZrF6 on compression in N2 gas at 160 K from 2 to 





Figure E.2: Rietveld fits to 300 K, 0.075 MPa powder neutron diffraction data recorded on 
SNAP using an Fm?̅?m model for CaZrF6 with no helium included: A) detector bank 1 (2θ 





Figure E.3: Rietveld fits to 300 K, 500 MPa powder neutron diffraction data recorded on 
SNAP using Fm?̅?m model for CaZrF6 with no helium included:  A) detector bank 1 (2θ 





Figure E.4: Rietveld fits to 300 K 0.015 MPa powder neutron diffraction data recorded on 
SNAP using Fm?̅?m model for CaZrF6 with no helium included, at end of helium gas 






Figure E.5: A comparison of the unit cell volumes for CaZrF6 cooled under high-pressure 
helium and then warmed up in stages from 70 K (“He at 2 MPa”) with those for CaZrF6 
cooled in low pressure nitrogen. 
 
 
Figure E.6: Amount of helium trapped in CaZrF6 by loading at high pressure and then 





Figure E.7: Rietveld fits to 70 K 500 MPa powder neutron diffraction data recorded on SNAP 
using A) Fm?̅?m model for CaZrF6 containing no helium: A) detector bank 1 (2θ ∼84.777°), 






Figure E.8: Rietveld fits to 70 K 500 MPa powder neutron diffraction data recorded on SNAP 
using A) Fm?̅?m model for CaZrF6 containing no helium: A) ) detector bank 2 (2θ ∼48.097°), 






Figure E.9: Pressure dependence of the He refined fractional occupancy on the "A-site" of 
(He2-xx)(CaZr)F6 from Rietveld analyses of data collected at 70, 130, 190, 250, and 300 K. 
The analyses were conducted using fixed isotropic atomic displacement parameters of 0.015, 
0.019, 0.023, 0.027, and 0.03 Å2 respectively. 
 
E.2 Tables 
Table E.1: Crystallographic parameters for CaZrF6 at 70 K under 500 MPa of helium, 
derived from the Rietveld analysis of the neutron diffraction data acquired on SNAP with no 
helium in the model. 
Chemical Formula CaZrF6 
Space group Fm3̅m 
a (Å) 8.4836(2) 
Pressure (MPa) 500 
Temperature (K) 70 
Bank 1 Rwp  0.0424 
Bank 1 RF2  0.1239 
Bank 2 Rwp  0.0391 
Bank 2 RF2  0.2743 
 
 x y z Occupancy Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 1.00 0.001(1) - - 
F 0.2600(4) 0 0 1.00 0.0072 0.012(2) 0.0049(9) 
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Table E.2: Crystallographic parameters for CaZrF6 at 70 K under 500 MPa of helium, 
derived from the Rietveld analysis of the neutron diffraction data acquired on SNAP with 
helium in the model at a fixed occupancy, which was derived from gas uptake and release 
measurements. 
Chemical Formula CaZrF6 
Space group Fm3̅m 
a (Å) 8.4835(1) 
Pressure (MPa) 500 
Temperature (K) 70 
Bank 1 Rwp  0.0331 
Bank 1 RF2  0.0726 
Bank 2 Rwp  0.0310 
Bank 2 RF2  0.1799 
 
Table E.3: Crystallographic parameters for CaZrF6 at 70 K and under 500 MPa of helium, 
derived from the Rietveld analysis of the neutron diffraction data acquired on SNAP with the 
helium isotropic displacement parameter and occupancy refined. 
Chemical Formula CaZrF6 
Space group Fm3̅m 
a (Å) 8.4835 (1) 
Pressure (MPa) 500 
Temperature (K) 70 
Bank 1 Rwp  0.0328 
Bank 1 RF2  0.0568 
Bank 2 Rwp  0.0303 




 x y z Occupancy Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 1.00 0.000(1) - - 








 0.54 0.045(3) - - 
 x y z Occupancy Uiso/Ueq (Å2) U11 (Å2) U22/U33 (Å2) 










 1.00 -0.001(1) - - 








 0.43(1) 0.015(3) - - 
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Figure F.1: Le Bail plot showing a fit of CaZrF6 Fm?̅?m model to the initial helium gas loading 
pressure of 0.28 GPa powder x-ray diffraction data obtained in a diamond anvil cell. The 
high Q section has been scaled to show detail but shifted downwards so that the backgrounds 
for the sections of the plot appear to be the same. The phase flags denote CaZrF6 (magenta) 





Figure F.2: Le Bail plot showing a fit of CaZrF6 Fm?̅?m model to the initial helium gas loading 
pressure of 0.21 GPa powder x-ray diffraction data obtained in a diamond anvil cell. The 
high Q section has been scaled to show detail but shifted downwards so that the backgrounds 
for the sections of the plot appear to be the same. The phase flags denote CaZrF6 (magenta) 
and NaCl (black). 
 
 
Figure F.3: Rietveld plot showing a fit of CaNbF6 Fm?̅?m model to the initial helium gas 
loading pressure of 0.16 GPa powder x-ray diffraction data obtained in a diamond anvil cell. 
The high Q section has been scaled to show detail but shifted downwards so that the 
backgrounds for the sections of the plot appear to be the same. The phase flags denote 





Figure F.4: Rietveld plot showing a fit of CaNbIV0.5NbV0.5F6.5 Fm?̅?m model to the initial helium 
gas loading pressure of 0.18 GPa powder x-ray diffraction data of the first run obtained in a 
diamond anvil cell. The high Q section has been scaled to show detail but shifted downwards 
so that the backgrounds for the sections of the plot appear to be the same. The phase flags 
denote CaNbIV0.5NbV0.5F6.5 (magenta) and NaCl (black). 
 
 
Figure F.5: Rietveld plot showing a fit of CaNbIV0.5NbV0.5F6.5 Fm?̅?m model to the initial helium 
gas loading pressure of 0.19 GPa powder x-ray diffraction data of the second run obtained in 
a diamond anvil cell. The high Q section has been scaled to show detail but shifted downwards 
so that the backgrounds for the sections of the plot appear to be the same. The phase flags 





Figure F.6: Rietveld plot showing a fit of CaNbIV0.5NbV0.5F6.5 R?̅? model to the neon gas loading 
pressure of 1.6 GPa powder x-ray diffraction data obtained in a diamond anvil cell. The high 
Q section has been scaled to show detail but shifted downwards so that the backgrounds for 
the sections of the plot appear to be the same. The phase flags denote CaNbIV0.5NbV0.5F6.5 
(magenta) and NaCl (black). 
 
F.2 Tables 
Table F.1: Unit cell volumes for cubic CaZrF6 and CaF2 in a helium load diamond anvil cell 
as determined from Rietveld analyses of the high-pressure diffraction data. Pressures 









8.4527(5) 603.92(11) 162.57(4) 0.28(6) 
8.4552(5) 604.47(11) 162.63(5) 0.20(3) 
8.4516(5) 603.70(11) 162.56(4) 0.23(3) 
8.4510(5) 603.57(12) 162.37(4) 0.33(3) 
8.4521(5) 603.81(11) 162.20(4) 0.42(3) 
8.4527(6) 603.94(12) 161.96(5) 0.54(4) 
8.4543(6) 604.28(12) 161.78(5) 0.64(4) 
8.4534(5) 604.09(10) 161.54(4) 0.76(4) 
8.4500(6) 603.36(12) 161.18(4) 0.95(5) 
8.4452(6) 602.33(12) 160.91(4) 1.10(5) 
8.4392(5) 601.04(12) 160.59(4) 1.27(6) 
8.4263(5) 598.28(10) 160.08(4) 1.55(7) 
8.4182(5) 596.56(11) 159.80(4) 1.71(8) 













8.4006(5) 592.84(11) 159.16(5) 2.07(9) 
8.3922(6) 591.05(12) 158.90(5) 2.22(9) 
8.3820(6) 588.90(12) 158.51(5) 2.45(10) 
8.3652(6) 585.37(13) 158.12(4) 2.69(11) 
8.3585(6) 583.97(13) 157.90(5) 2.82(11) 
8.3376(6) 579.59(13) 157.37(5) 3.15(13) 
8.3170(7) 575.31(14) 156.91(5) 3.43(14) 
 
Table F.2: Unit cell volumes for cubic CaZrF6 and NaCl in a helium load diamond anvil cell 
as determined from Le Bail analyses of the high-pressure diffraction data. Pressures 









8.4544(6) 604.3(14) 177.89(3) 0.21(6) 
8.4538(6) 604.16(14) 177.76(3) 0.23(6) 
8.4518(5) 603.77(11) 177.75(3) 0.23(6) 
8.4528(5) 603.92(11) 177.58(3) 0.25(6) 
8.4509(4) 603.54(9) 177.36(3) 0.29(6) 
8.4518(5) 603.67(10) 177.04(5) 0.33(8) 
8.4520(5) 603.77(10) 176.78(3) 0.37(7) 
8.4517(5) 603.71(12) 176.51(4) 0.41(7) 
8.4520(8) 603.78(16) 176.15(5) 0.46(8) 
8.4532(5) 604.03(10) 175.84(3) 0.51(7) 
8.4533(5) 604.06(10) 175.41(4) 0.57(7) 
8.4549(4) 604.40(9) 174.94(3) 0.65(7) 
8.4553(4) 604.48(10) 174.60(4) 0.70(7) 
8.4541(5) 604.24(11) 174.11(4) 0.78(8) 
8.4533(5) 604.05(11) 173.69(4) 0.84(8) 
8.4515(5) 603.68(10) 172.90(4) 0.97(8) 
8.4480(5) 602.93(11) 172.33(3) 1.07(7) 
8.4446(5) 602.19(10) 171.71(3) 1.18(8) 
8.4373(5) 600.64(10) 170.71(3) 1.35(8) 
8.4293(5) 598.92(10) 169.79(3) 1.52(8) 
8.4119(6) 595.22(13) 167.80(4) 1.90(9) 













8.3995(4) 592.59(10) 166.73(3) 2.12(8) 
8.3920(5) 591.00(10) 166.18(4) 2.23(9) 
8.3861(4) 589.76(9) 165.68(4) 2.33(10) 
8.3780(5) 588.05(11) 165.06(4) 2.47(10) 
8.3640(5) 585.12(10) 163.91(3) 2.72(10) 
8.3599(5) 584.26(10) 163.57(3) 2.80(10) 
8.3509(5) 582.38(11) 162.96(3) 2.94(10) 
8.3397(7) 580.03(14) 162.37(4) 3.08(12) 
8.3225(6) 576.46(12) 161.36(3) 3.32(11) 
8.3126(8) 574.40(16) 160.72(4) 3.48(11) 
8.3028(11) 572.37(22) 160.08(4) 3.64(12) 
 
Table F.3: Unit cell volumes for cubic CaNbF6 and NaCl in first run with a helium load 
diamond anvil cell as determined from Rietveld analyses of the high-pressure diffraction 










8.3751(8) 587.44(17) 178.23(4) 0.16(8) 
8.3720(8) 586.80(17) 177.86(4) 0.21(8) 
8.3678(9) 585.92(19) 177.05(4) 0.33(8) 
8.3689(11) 586.14(22) 175.09(5) 0.62(10) 
8.3681(12) 585.99(24) 174.51(5) 0.71(10) 
8.3696(12) 586.29(24) 173.95(5) 0.80(10) 
8.3676(12) 585.87(25) 172.81(5) 0.99(11) 
8.3623(12) 584.77(25) 171.58(5) 1.20(11) 
8.3594(12) 584.15(26) 171.19(5) 1.27(11) 
8.3595(12) 584.17(25) 170.78(5) 1.34(11) 
8.3551(12) 583.25(26) 170.35(5) 1.42(11) 
8.3512(12) 582.43(26) 169.79(5) 1.52(12) 
8.3336(14) 578.76(28) 167.98(5) 1.86(13) 
8.3306(14) 578.14(28) 167.53(5) 1.95(13) 
8.3214(13) 576.22(28) 166.68(5) 2.13(13) 
8.3091(14) 573.67(30) 165.60(5) 2.35(14) 
8.2994(14) 571.67(28) 164.91(5) 2.50(13) 
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8.2941(14) 570.57(29) 164.28(5) 2.64(14) 
8.2801(13) 567.68(27) 163.19(5) 2.88(14) 
8.2660(14) 564.79(29) 161.94(5) 3.18(15) 
8.2483(15) 561.16(31) 160.89(5) 3.44(15) 
8.2333(18) 558.10(36) 159.97(5) 3.67(16) 
 
Table F.4: Unit cell volumes for cubic CaNbIV0.5NbV0.5F6.5 and NaCl in first run with a helium 
load diamond anvil cell as determined from Rietveld analyses of the high-pressure diffraction 










8.3340(3) 578.84(7) 178.09(3) 0.18(6) 
8.3347(3) 578.98(7) 178.04(3) 0.19(6) 
8.3351(3) 579.07(7) 177.91(3) 0.21(6) 
8.3341(3) 578.85(7) 177.63(3) 0.25(6) 
8.3330(4) 578.64(7) 177.14(3) 0.32(6) 
8.3341(3) 578.86(7) 176.49(3) 0.41(6) 
8.3374(3) 579.54(7) 175.68(3) 0.53(6) 
8.3419(3) 580.50(7) 174.78(3) 0.67(6) 
8.3451(4) 581.15(8) 173.39(3) 0.89(7) 
8.3440(4) 580.93(7) 172.63(3) 1.02(7) 
8.3390(3) 579.89(6) 171.50(2) 1.21(7) 
8.3344(4) 578.93(8) 170.67(3) 1.36(7) 
8.3304(4) 578.10(8) 170.08(3) 1.47(7) 
8.3205(4) 576.04(7) 168.81(3) 1.70(7) 
8.3134(4) 574.57(8) 168.07(3) 1.85(8) 
8.3046(4) 572.73(7) 167.10(3) 2.04(8) 
8.2931(4) 570.36(8) 166.06(3) 2.25(9) 
8.2791(4) 567.48(8) 164.79(3) 2.53(9) 
8.2631(4) 564.20(8) 163.51(3) 2.81(9) 
8.2455(4) 560.59(8) 162.29(3) 3.10(9) 
8.2263(4) 556.68(8) 161.14(3) 3.37(9) 
8.2023(4) 551.83(8) 159.95(3) 3.67(10) 
8.1755(4) 546.44(9) 158.97(3) 3.93(10) 
8.1612(6) 543.57(11) 158.42(3) 4.08(10) 




Table F.5: Unit cell volumes for cubic CaNbIV0.5NbV0.5F6.5 and NaCl in second run with a 
helium load diamond anvil cell as determined from Rietveld analyses of the high-pressure 
diffraction data. Pressures estimated from the unit cell volume of the NaCl using an equation 









8.3444(4) 581.02(8) 178.00(3) 0.19(6) 
8.3447(4) 581.07(8) 178.09(3) 0.18(6) 
8.3446(4) 581.05(9) 178.01(3) 0.19(6) 
8.3438(4) 580.88(9) 177.77(3) 0.23(7) 
8.3434(3) 580.80(7) 177.39(3) 0.28(6) 
8.3457(4) 581.28(7) 177.02(3) 0.33(6) 
8.3469(4) 581.54(8) 176.55(3) 0.40(6) 
8.3460(4) 581.35(9) 175.65(3) 0.54(7) 
8.3461(4) 581.36(8) 175.20(3) 0.61(7) 
8.3505(4) 582.29(8) 174.95(3) 0.64(7) 
8.3516(4) 582.52(9) 174.59(3) 0.70(7) 
8.3528(4) 582.77(8) 174.13(3) 0.77(7) 
8.3530(4) 582.81(7) 173.39(3) 0.89(7) 
8.3509(4) 582.37(8) 172.49(3) 1.04(7) 
8.3471(4) 581.57(8) 171.67(3) 1.18(7) 
8.3407(4) 580.25(7) 170.68(3) 1.36(7) 
8.3319(3) 578.41(7) 169.72(3) 1.53(7) 
8.3256(4) 577.10(8) 168.93(3) 1.68(8) 
8.3196(4) 575.85(9) 168.06(3) 1.85(8) 
8.3084(4) 573.52(8) 167.07(3) 2.05(8) 
8.2970(4) 571.16(8) 165.95(3) 2.28(9) 
8.2821(4) 568.10(8) 164.64(3) 2.56(9) 
8.2680(5) 565.19(10) 163.57(3) 2.80(14) 
8.2401(6) 559.50(12) 161.61(4) 3.26(12) 
8.2238(6) 556.18(12) 160.69(4) 3.48(12) 
8.143(11) 539.95(22) 157.60(3) 4.30(11) 






Table F.6: Crystallographic parameters for cubic CaNbF6 at room temperature and initial 
gas loading pressure derived from the Rietveld analysis of the high-pressure synchrotron 
diffraction data collected using a DAC (see Figure F.3). *GSAS-II outputs RF2 of each phase 
Chemical Formula CaNbF6 
Space group Fm3̅m 
a (Å) 8.3751(8) 
Pressure (GPa) 0.16 
Temperature (K) 300 
Rwp  0.4499 
RF2 CaNbF6* 0.3171 




Table F.7: Crystallographic parameters for cubic CaNbIV0.5NbV0.5F6.5 at room temperature 
and initial gas loading in helium pressure derived from the Rietveld analysis of the first run 
high-pressure synchrotron diffraction data collected using a DAC (see Figure F.4). 
Chemical Formula CaNbIV0.5NbV0.5F6.5 
Space group Fm3̅m 
a (Å) 8.3340(3) 
Pressure (GPa) 0.18 
Temperature (K) 300 
Rwp  0.2041 








 x y z Occupancy Uiso (Å2) 










 1.00 0.040(6) 
F 0.256(3) 0 0 1.00 0.08(1) 
 x y z Occupancy Uiso (Å2) 










 1.00 0.0223(9) 
F 0.2671(9) 0 0 1.00 0.051(3) 
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Table F.8: Crystallographic parameters for rhombohedral CaNbIV0.5NbV0.5F6.5 at room 
temperature and 1.6 GPa loading in neon pressure derived from the Rietveld analysis of the 
first run high-pressure synchrotron diffraction data collected using a DAC (Figure F.6). 
Chemical Formula CaNbIV0.5NbV0.5F6.5 
Space group R3̅ 
a (Å) 5.286(1) 
c (Å) 14.974(7) 
Pressure (GPa) 1.6 







 x y z Occupancy Uiso (Å2) 
Ca 0 0 0 1.00 0.059(6) 
Nb 0 0 
1
2
 1.00 0.045(4) 
F 0.041(2) 0.343(2) 0.0871(7) 1.00 0.042(3) 
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